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Abstract
The shift from reactor to accelerator based neutron production has created a renewed interested in Boron Neutron Capture Therapy (BNCT). This method is typically used to treat inoperable brain tumours (glioblastoma) that cannot be treated
by traditional forms of radiotherapy or chemotherapy. BNCT is reliant upon the
favourable uptake of boron 10 by tumour cells along with the interaction with neutrons to produce high LET fragments (He and Li nuclei) that deposit energy locally
within the tumour site. As with any radiation based treatment, Quality Assurance
(QA) is crucial in terms of patient safety.
This study extends previous work in proton and Heavy Ion Therapy and concerns the application of solid state microdosimetry in the field of BNCT. The project
has been performed by means of Monte Carlo simulations. Geant4 was used to model
and optimise the design of silicon on insulator and diamond based microdosimeters.
Detector optimisation in this context, pertains to the geometry and materials (i.e.,
sensitive volume size and probability of neutron activation) to be used in the construction of detectors.
The study has shown conclusively that the currently available microdosimeters do not pose any radiation protection risk with the typical exposure times of
BNCT.
Whilst the materials currently used in the fabrication of silicon and diamond
based microdosimeters are appropriate, there are changes with respect to the sensitive volume thickness that must be addressed. Lastly, the applicability of previously determined correction factors to convert microdosimetric spectra from silicon/diamond to water was evaluated within the context of BNCT.
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Chapter 1
Introduction
1.1

Overview

Cancer is characterised by abnormal cells that undergo unregulated multiplication,
damaging surrounding tissue in a rapid and unpredictable manner.
Cancer is fast approaching the world’s leading cause of death [1]. Since 2012,
there has been 14 million new cancer cases and over 8 million cancer-related deaths
worldwide per year [2]. It is estimated that by 2030, this figure will increase to 22
million new cancer cases and 13 million cancer deaths worldwide per year [2]. In
Australia in 2017, it is estimated that approximately half the population will be
diagnosed with some form of cancer by their 85th birthday [1]. Improvements in
diagnostic technologies and an ageing population has ultimately lead to the increased
rate of global incidence [1].
Gliomas are a type of tumour that is particularly concerning as they are rarely
curable. Gliomas that develop in the supportive (glial) cells of neurones in the brain
are known as astrocytes. The severity and survival after treatment of malignant
astrocytomas depends on the section of the brain that has been affected. Low grade
astrocytomas - more frequently seen in childhood in the cerebellum, an anatomically separate of the brain, are manageable by surgery and radiotherapy with good
prognosis. When these tumours develop in the cerebrum, which occurs more in
adulthood, the prognosis is poorer, with a 5-year expected survival rate of 40-50%
with combined surgical and radiotherapy management [3].
High-grade astrocytomas comprise about 40% of all brain tumours. When cellular changes are accompanied by necrosis, the term glioblastoma multiforme (GBM)
is applied to this subset of malignant astrocytomas. These is no ’cure’ for this type
of tumour. Patients rarely survive 5 years with conventional treatments such as
1
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chemotherapy, surgery and radiotherapy [4].
Traditional radiotherapy techniques applied to aggressive tumours such as hyperfractionation, have shown mostly negative results. Patients that received positive result from hyperfractionation had a median survival of less than one year [3].
Treatment with Carmustine, an interstitial chemotherapy surgical implant, has been
shown to benefit a small subset of patients [3].
The treatment of high-grade astrocytomas is the main field applied to Boron
Neutron Capture Treatment (BNCT) therapy. Clinical interest in BNCT has focused primarily on high grade gliomas, and more recently on patients with recurrent
tumours of the head and neck region, who fail to respond to conventional therapy
[5].
Mixed radiation fields such as BNCT can be characterised using a regional
microdosimetric approach. The leading advantage of this approach is that no prior
knowledge of the type of radiation is required [6]. Quality Assurance (QA) measurements of BNCT treatment fields can be obtained using microdosimeters [7].
The microdosimetric approach studied in this thesis applies solid state Silicon
on Insulator (SOI) and diamond-based technology, which has been developed in the
last twenty years at the Centre For Medical Radiation Physics (CMRP), University
of Wollongong. As of 2016, four generation of SOI microdosimeters have been developed, fabricated and investigated [8]. The research performed in this project was
conducted using the new generation V2 silicon Bridge microdosimeter design.

1.2

Main Objectives

This thesis intends to establish the viability of the Bridge SOI microdosimeter design as a suitable tool for BNCT Quality Assurance measurements. The specific
aim of this project is to study the microdosimetric response of the V2 silicon Bridge
microdosimeter in a BNCT radiation field and investigate design optimisation using Geant4 simulations. The second aim is to optimise the detector for use in
BNCT. Optimisation in this context is concerned with the thicknesses of the sensitive volume structure and the substitution of silicon with diamond Sensitive Volumes
(SVs).
This project also investigated possible radioprotection hazards associated with
the neutron activation of detector materials. Recommendations of material choices
to be used in device fabrication are given to minimise unnecessary radiation exposure.
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The suitability of published geometric scaling factors used to convert the lineal
energy spectra obtained in silicon/diamond to water was studied for BNCT Quality
Assurance.

1.2.1

Outline

A review of the literature is covered extensively in chapter 2, introducing the specifics
of BNCT and physics of neutron capture. This is followed by the history and concept
of microdosimetry. The last sections describe the Monte Carlo based Geant4 toolkit
and the physics associated with neutron activation analysis.
Chapter 3 describes the methodology adopted to develop the study. In particular
the Geant4 simulation application is described.
Chapter 4 presents the simulation results for characterising the BNCT radiation
field within a water phantom.
Chapter 5 describes the neutron activation of elements and compounds that are
used either in microdosimeter or phantom materials for experimental measurements
in BNCT facilities.
Chapter 6 presents the microdosimetric response of the V2 silicon Bridge microdosimeter within a BNCT radiation field. Chapter 7 presents the microdosimetric
spectra obtained with improved silicon and diamond based microdosimeter designs
in a BNCT radiation field. Chapter 8 discusses the suitability of the geometric scaling factors used to convert silicon and diamond to water equivalent microdosimetric
responses.
Chapter 9 is a satellite chapter presenting the experimental Ion Beam Induced
Charge Collection results for the Bridge microdosimeter. This chapter discusses the
charge collection characteristics of the Bridge microdosimeter to an alpha source
and thus its suitability for BNCT applications.
Chapter 10 presents the conclusions of the thesis and suggestions for future
microdosimeter designs.

Chapter 2
Literature Review
2.1
2.1.1

Boron Neutron Capture Therapy (BNCT)
How BNCT Works

Boron Neutron Capture Therapy (BNCT) is a type of radiotherapy that uses epithermal energy neutrons, which interact with a boron biodistribution within the
body to treat cancer. BNCT is referred to as a binary modality as it selectively
uptakes incident neutrons to the the area of boron concentration. As mentioned
earlier, there is interest in the use of BNCT for the treatment of high-grade astrocytomas. This is particularly true in Japan, which is still investing in this treatment
type while other countries are seeking alternatives to BNCT.
Irradiation of a patient that has been administered a boron delivery drug will
have epithermal neutrons inducing a short-range exothermal nuclear reaction within
the boron-loaded tumour cells. This reaction produces highly toxic, short range
alpha and 7 Li nuclei which kill the cells from which they originated, due to their
high LET and short range.

Figure 2.1: Nuclear reaction occurring in BNCT [9].
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The success of BNCT relies on a large uptake of 10 B by the tumour cells, as well
as sufficient number of thermal neutrons reaching the boron atoms and causing boron
neutron capture to occur [10]. Figure 2.1 describes the nuclear reaction utilized in
BNCT. A 10 B nucleus absorbs a thermal neutron and promptly emits a back-to-back
7
Li ion and alpha particle. The pathlength of these high LET products in tissue are
between 5-9 µm, and allowing a way to selectively destroy malignant cells and spare
adjacent normal cells, provided an adequate uptake of 10 B by tumour cells [5].
Epithermal neutrons for BNCT are produced using a nuclear reactor or linear
accelerator. Research in BNCT has been ongoing for more than 60 years, which
was first developed using nuclear research reactors. The first clinical studies using
BNCT for malignant brain tumour was performed at Brookhaven National Laboratory (BNL) and Massachusetts Institute of Technology (MIT) in 1950s and 1960s.
In these early trials, as neutron sources were not perfected and low-energy thermal
neutron beams were used for irradiation. However, because of their shallow penetration in tissue, a craniotomy was required to allow neutrons to reach deeper regions of
the brain [11]. It was not until the 1990s that BNCT using higher-energy epithermal
neutrons (0.5 eV - 10 keV) was initiated. These clinical studies were performed at
BNL and MIT, as well as High Flux Reactor (HFR) in Petten, the Netherlands [5].
Since the 1980s, low energy, high intensity particle accelerators have been developed
for BNCT as an alternative source to nuclear reactors [10].

2.1.2

Treatment Protocols and Techniques

Research in the area of development of boron-containing delivery agents for BNCT
has been ongoing for 50 years with the investigation of a large number of low molecular weight boron compounds, from which the first generation agents emerged.
The most important requirements for a BNCT delivery agent are [5]:
1. Low toxicity and normal tissue uptake, with a tumour:normal tissue and tumour:blood (T:Bl) boron concentration ratios of ∼3.
2. Tumour boron concentration of ∼20µg10 B/g tumour.
3. Relatively rapid clearance from blood and normal tissues, and persistence in
tumour during neutron irradiation treatment period.
The only two BNCT delivery agents currently used in clinical trials are sodium
borocaptate (BSH) and the boron-containing amino acid boronophenylalanine (BPA)
[5]. Unfortunately, neither of these agents adequately fulfils the criteria indicated
above, and for this reason third generation agents have been investigated [5].

CHAPTER 2. LITERATURE REVIEW

6

The patient is injected intravenously with a non-toxic, high tumour cell specificity 10 B-carrier compound, which is distributed in various tissues throughout the
body [12]. After a time interval, the boron-agent becomes concentrated in tumour
cells, as the clearance from tumours is much slower than that of the bloodstream,
resulting in a much higher concentration than in healthy cells.
In order for BNCT to be successful, a sufficient amount of 10 B must be selectively delivered to all tumour cells; approximately 20µg/g weight or 109 atoms/cell.
Enough thermal neutrons must be available for absorption to cause lethal damage
from the 10 B(n,α)7 Li reaction [5]. The range of alpha particles and 7 Li nuclei in
tissue is approximately 7.8 µm and 4.1 µm, respectively. These ranges are similar
to the diameter of a human cell, which is about 10 µm.
Thermal neutron doses reach their maximum value at the brain surface when
the epithermal neutrons are irradiated onto the scalp surface. As epithermal energy
neutrons have a greater range in tissue, this allowed therapeutic depth of up to
8 cm and removed the need for intra-operative surgery when treating deep seated
malignancies [5] [11].
The International Atomic Energy Agency (IAEA) provides documentation for
the beam requirements for BNCT treatments [3]. These specifications describe the
required neutron flux and dose contamination limits, which are to be used by facilities when designing suitable neutron sources. Higher epithermal intensities have the
result of shorter irradiation times, but must provide proper beam quality, such as
minimising the gamma and fast neutron dose contamination. The epithermal beam
intensity has a desired minimum of 109 epithermal neutrons/cm2 /s, with 5 × 108
n/cm2 /s usable, but results in long irradiation times [3]. Higher intensity beams
would provide better treatment quality, given adequate boron concentration within
the tumour cells, and reduce the issues associated with drug clearance from the
tumour during treatment [3].
The incident beam quality is determined by four parameters [3]:
1. The fast neutron component (>10 keV) has undesirable characteristics, such as
the production of high-LET protons, therefore the dose contamination should
be kept under 2 × 10−13 Gy/cm2 per epithermal neutron.
2. The gamma component produced with the incident beam should be kept under
2 × 10−13 Gy/cm2 per epithermal neutron.
3. The ratio between thermal flux and epithermal flux should be below 0.05 to
reduce damage to the scalp by neutrons with thermal energies.
4. The ratio between total neutron current and total neutron flux provides a
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measure of neutrons that are moving in the forward beam direction. The ratio
should be greater than 0.7 to limit the divergence of the neutron beam and
permit flexibility in patient positioning along the beam central axis.

2.1.3

Reactor-Based BNCT

Nuclear fission reactors can be used to produce neutrons for therapeutic use, particularly epithermal neutrons for BNCT. There are two approaches to produce these
neutrons: by direct use of the core neutrons as a source or use of a fission converter to
convert the reactors thermal neutrons to high energy fission neutrons which are then
filtered to produce epithermal neutrons [13]. Many nuclear reactors have been modified to generate neutron sources usable for BNCT [5]. Nuclear fission occurs when
a neutron is captured by a heavy nucleus such as 235 U, forming a new compound nucleus which may decay into lighter nuclides, along with the release of energy, gamma
radiation and free neutrons. This process is used in nuclear reactors, triggering a
chain reaction, producing further fission events and neutrons. The reaction is controlled by control rods such as boron or cadmium, which can absorb many neutrons
without themselves fissioning [13].
A typical treatment reactor for BNCT has only one irradiation port fixed in the
side wall of the irradiation room, which limits achieving desirable dose distribution
compared to multiple field irradiation [11]. Another main concern is that the location
of research reactors require the transfer of a patient from the hospital, and this is
usually not possible for a few weeks after surgery [11].
Reactor-based facilities in Japan are capable of producing various mixtures of
thermal and epithermal neutron spectra, which can be advantageous for head and
neck cancers where deep beam penetration may not be required [5]. Epithermal
neutrons beams are now standard in all clinical trials of brain tumours [9]. At the
Kyoto University Research Reactor Institute (KURRI), treatment of brain tumours
have been carried out since 1990, and without the need of a craniotomy since 2002.
At the end of 2014, they had carried out 510 clinical irradiations using the KURHeavy Water Irradiation Facility (KUR-HWNIF) reactor-based system [14].
Clinical potential of neutron beam sources by nuclear reactors are enhanced
by reducing fast neutron and photon contamination through particular geometry
in the patient irradiation ports. Neutron characteristics can be altered by varying
the amount of moderation that occurs within the reactor. Scattering media such as
light water, heavy water or graphite can be used to moderate fast neutrons, allowing
them to lose energy and thermalise [4].
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The desired moderated epithermal beam is collimated for optimal beam geometry for patient irradiation. The shield collimator reflects neutrons back in the
direction of the beam, where the outer collimator thermalises the neutron beam and
captures epithermal neutrons hitting it, producing specific beam shape. Gamma
emission can be minimised by using appropriate absorbers in collimator material
type [12].
An example of such a reactor for epithermal sources is the Finnish BNCT facility,
Espoo shown in figure 2.2, which is a light-water moderated 250kW nuclear reactor
that consumes 235 U fuel [12]. The core is situated within a water tank with a graphite
reflector to maximise neutron flux. The neutron field is moderated by a 63 cm thick
block consisting of AlF3 (69%), Al (30%) and LiF (1%). A shield of Bi is used to
block gamma radiation that is produced by the core and neutron activated parts,
but allows neutrons to pass after the moderator. Natural lithiated polyethylene is
situated at the beam port, at the base of the beam collimator discs. Enriched 6 Lipolyethylene is used in the innermost aperture collimator cone to define the beam
outline and produce the optional beam diameter for treatment [12]. The output
before collimation produces a high quality, isotropic neutron field with a total freein-air flux of 1.4 × 109 n/cm2 /s [12].

Figure 2.2: Finnish BNCT Espoo Facility treatment setup [12].

The neutron source to patient distance should be minimised to maximise the
flux-to-power ratio of the output beam, and produce optimal beam intensity. Ionisation chambers which measure gamma radiation are typically used as beam monitoring detectors. Beam position and symmetry are determined by each pair of detectors
around the beam axis, which can be used to maintain quality control through the
beam calibration and dosimetry [12].
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Accelerator-Based BNCT

In recent years, focus in neutron sources have shifted from reactor-based towards
accelerator-based for use in BNCT [14]. This is mainly due to efforts to reintroduce
BNCT as a safe procedure which can be carried out within a hospital, with minimal
exposure to radioactive materials. This is due to the fact that an accelerator has less
safety concerns that need to be considered compared with nuclear reactors.
In-hospital accelerator-based neutron sources have been developed and are now
providing neutron beams for clinical studies using BNCT [10]. Accelerator-based
systems usually consist of a proton accelerator, target, moderator, and collimator.
The proton beam produces neutrons by nuclear interactions within the target material (Be, Li, etc.). There are various accelerator types that can be used for neutron
therapy, including ones that moderate the beam from high energy proton accelerators producing the desired energy range [15]. Particle accelerators suitable for
BNCT are of similar cost to high energy neutron and proton therapy sources, which
are approximately 3-4 times more expensive than high energy linacs [15].
Figure 2.3, shows the design of a thermal neutron proton-moderated accelerator
source for BNCT at Pavia, Italy. The Trasco Intense Proton Source (TRIPS) injects
a high-intensity proton beam into the radio-frequency quadrupole (RFQ), which is
accelerated and trajectory changed by a 90 degree magnet. The incident proton
beam bombards a beryllium target, which is in the centre of the BSA, results in
a fully thermalised neutron beam, used to treat superficial tumours such as skin
melanomas [10].

Figure 2.3: BNCT at INFN, Italy utilising thermal neutrons for shallow tumours
[10].

High energy accelerators, such as cyclotrons, are used for fast neutron and proton
therapy. Studies at PSI indicate that through use of suitable moderators, epithermal
beams can be produced using cyclotrons [15]. Low energy proton accelerator systems
which utilise neutron conversion targets are the most preferred type for BNCT as
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they can produce neutrons up to 1.5 MeV and are inexpensive. Designs can be
altered to produce different neutron beam energies, allowing for increased thermal
components for superficial region and also for deeper regions [15]. Bombardment of
a target material such as lithium with 1.89 MeV protons, produces an epithermal
neutron emission in a narrow forward directed cone. However, the neutron beam
quality produced by these systems is very dependent on the voltage stability of the
proton source [15].
Typically, 9 Be or 7 Li is used as a target material in BNCT proton accelerators
[16]. Lithium is very attractive as it has a low energy threshold for neutron generation, and as those neutrons have lower energy, the neutron loss during moderation
is reduced. With a lithium target, 7 Li(p,n)7 Be is the major neutron generating reaction. However, some of the neutrons will hit and react with the 6 Li isotope, which
unavoidably remains in the target [16].
Fast neutrons produced by (p,n) reactions must be thermalised for BNCT applications. The energy is shifted by the beam shaping assembly (BSA), which is a
stack of different types of materials that shape the beam, both in terms of energy
and geometry [10]. The BSA size and weight is smaller in a facility that utilises a
lithium target rather than beryllium, due to the higher neutron energies resulting
from Be(p,n) reactions [10].
At KURRI, Japan, focus has shifted to accelerator-based therapies, with the first
accelerator-based system for BNCT clinical irradiations, Cyclotron-Based Epithermal Neutron Source (C-BENS) completed in 2009 [11]. Clinical trials using C-BENS
beryllium target accelerator started in late 2012 [14]. C-BENS utilises the reaction
of 9 Be(p,n)9 B with 30 MeV incident protons. The high energy neutrons generated
from the reaction are moderated to thermal and epithermal range using of Pb, Fe,
Al and CAF2 . The resulting thermal neutrons and gamma rays are reduced by Cd
and Pb filters, producing an epithermal neutron beam adequate for BNCT [14].

Comparison of the reactor-based KURHWNIF with accelerator-based C-BENS at
the KURRI facility can be provided by the
information shown in table 2.1. The beam
quality of C-BENS is slightly better due
to smaller contamination of fast neutrons
and gamma rays. The neutron flux of CBENS and KUR-HWNIF is shown in figure Figure 2.4: Neutron flux comparison
between KUR-HWNIF and C-BENS at
2.4.
KURRI [17].
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C-BENS has more than twice of its neutron flux in the epithermal range compared with the KUR-HWNIF reactor, which is better suited for BNCT [14].

Table 2.1: Comparison between the reactor-based system and the acceleratorbased system at KURRI [14].

2.1.5

Ibaraki Tokai BNCT Facility

Recent developments in neutron production using accelerators for BNCT have been
achieved at the Ibaraki Neutron Medical Research Center (iNMRC), located in Tokai
Village, Japan [18]. The University of Tsukuba facility, iNMRC is also referred to
as Ibaraki-BNCT (iBNCT). The development of accelerators for BNCT facilities in
Japan has become more prevalent in recent years partly due to the negative image
related with nuclear reactors. The team focus in Tokai Village is for advancement of
accelerator technology as a safe and reliable neutron source for BNCT procedures,
both domestically in Japan and internationally.

Figure 2.5: Schematic of Tokai LINACbased BNCT Device [18].

Figure 2.6: Layout of
facility: accelerator room
and irradiation room [18].

The accelerator based neutron beam has been constructed with the accelerating
tubes in one room and the resulting proton beam delivered into the irradiation room
through a separation wall. This incident beam moves toward the neutron generator,
producing neutrons, before being delivered into the patient [18]. The length of the
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linac used in Tokai is approximately 8 metres in length with a diameter less than
1.5 m [18].
Radio-Frequency Quadrupole (RFQ) and Drift Tube Linac (DTL) type linear
proton accelerators are utilised with moderators to produce neutrons. An incident
proton energy of 8 MeV with power 80 kW is generated from the linac at 50 mA
peak current. Beryllium is used as the neutron generator target material, generating high intensity neutrons from 9 Be(p,n)9 B reactions [18], which is also used
at KURRI. The resulting neutron flux produced from reacting with 9 Be is of high
intensity epithermal neutrons, suitable for BNCT [18]. The neutron generator consists of moderator, collimator and shielding, designed together with the beryllium
target system as seen in figure 2.5. The output energy from the Radio-Frequency
Quadrupole (RFQ) is 3 MeV with further energy gain from the Drift Tube Linac
(DTL) of 5 MeV. Constructions of both the tubes were completed in 2012 [18].

Figure 2.7: Basic Configuration of Tokai iBNCT proton LINAC [19].
9

Be and 7 Li were considered for use as the target material for production of
neutrons with the proton accelerator [16]. Beryllium has a higher energy threshold
than lithium, which requires a higher energy accelerator but the material is inactive
with water [16]. Another consideration was the radioactivity of the target following
neutron production, with the resulting 9 B having a half-life of 8 × 10−10 ns and
7
Be having a half-life of 53.22 days [20]. Therefore, neutron generation through
9
Be(p,n)9 B reaction was ideal when selecting the target material for the iBNCT
facility [16]. The main focus on developing accelerator-based BNCT is to allow
hospital-based facilities, with very low residual radioactivity associated. This is one
of the main considerations that 7 Li was not used, as the resulting 7 Be products has
a long half-life with high radioactivity [16].
The original neutron target device consisted of a beryllium plate with copper
backing plate, used as a heat sink. To avoid blistering caused by the high current
proton incidence, an intermediate material was required [18]. The removal of heat
produced by the 80 kW proton power incident on the thin beryllium plate was
a major concern which resulted in the design of a target made of three different
material layers. The first layer is 0.5 mm thick neutron-generating beryllium and
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the second layer is 0.5 mm thick Palladium to stop protons and absorb hydrogen.
The third layer consists of oxygen-free copper, to allow higher heat conduction by
water cooling [19].

Figure 2.8: Three layer neutron
generator target at Tokai iBNCT
[19].

Figure 2.9: Neutron Generator at
iBNCT, showing moderator components for neutron energy selection
[16].

The maximum energy of neutrons produced by a proton beam is typically lower
than the energy of the incident protons by about 2 MeV [16]. This implies that
6 MeV neutrons can be yielded from 8 MeV incident protons. The Bragg peak
position of 8 MeV protons is less than 1 mm, which allows the incident proton beam
to stop in the target. Therefore such energy for the incident beam was selected to
overcome limitations such as heat removal and residual radiation [16].
The beam characteristics obtained using 10 mA average beam current and 8
MeV incident proton beam are shown in table 2.2. The fast neutron and gamma ray
dose contamination rate is less than the maximum level recommended by the IAEA
of 2×10−13 Gy/cm2 per epithermal neutron [3]. It is observed that the ratio between
thermal and epithermal flux is less than 0.05, with a ratio of 0.043. The simulated
beam characteristics shows that the iBNCT facility can produce an epithermal neutron beam quality within the guideline recommended by the IAEA.

Table 2.2: Neutron Flux and Energies for iBNCT output [19].
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Monte Carlo simulations modelling
the latest facility design has shown
that an epithermal neutron flux of
4.34 × 109 n/cm2 /sec can be produced
[19]. The simulated depth-dose using
BPA agent of 30 ppm in tumour and
10ppm in tissue indicated that the beam
quality is sufficient for use in BNCT
[3]. The depth-dose curve comparing
accelerator-based iBNCT and reactorbased JRR-4 is shown in figure 2.10. Figure 2.10: Simulated depth-dose curve;
This shows that the iBNCT facility can iBNCT (Accelerator) and JRR-4 (Reactor)
[21].
achieve a similar RBE to reactor-based
treatment [16].
The iBNCT neutron flux is shown in figure 2.11, which also presents a comparison with the JRR-4 reactor. It is shown that in simulated iBNCT beam quality,
the total neutron flux is 4.66 × 109 n/cm2 /sec, which is more than four times better
than that of JRR-4 [16].

Figure 2.11: Neutron flux (n/cm2 /s/lethargy) as a function of energy (MeV)
comparing JRR-4 to iBNCT [16].
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Phantom Studies in BNCT

Recent efforts in dosimetry standardisation have used a simple cubic water phantom.
While a cubic water phantom could be used to test the Monte Carlo transport
calculation, a more realistic model, such as the Snyder head phantom, with its
curved surfaces, heterogeneous composition and appropriate biological materials is
a more robust test of treatment planning software [22].
An ellipsoidal head phantom is used by the Harvard-MIT group for dosimetry
of the two neutron beams at the MIT research reactor [22]. A standard Snyder head
phantom consists of two ellipsoids, which divide the head into regions of cranium and
adult brain. The modified model by the Harvard-MIT group introduces a third 5 mm
thick shell, representing skin [22]. Figure 2.12 shows the geometry of the modified
Snyder head phantom and figure 2.3 shows the composition based on ICRU data
[23]. Typical simulations involving evaluation of neutron spectra in BNCT head
irradiation use a modified Snyder head phantom [24]. The model allows for simple
representation of an adult head, while incorporating elemental composition and
density in different materials, such as the skull, scalp and brain.

Figure 2.12:
Cross sections
through modified Snyder head phantom at planes y=0 (left) and x=0
(right) [22].

Table 2.3: Snyder Phantom material densities and compositions in
mass percentage [22] [23].

The three different regions of the analytical modified Snyder head phantom were
composed of adult whole brain, adult whole cranium and adult skin, as defined by
ICRU 46 (1992) [23] and shown in table 2.3.
The dimensions of the analytical model shown in figure 2.12 have been defined
using the following equations:
For the boundary between the brain and skull:
 x 2
6

+

 y 2
9

 z 2
+
=1
8.3
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For the boundary between the skull and scalp:
 x 2  y 2  z 2
+
+
=1
6.8
9.8
8.3
For the boundary between the scalp and air:
 x 2  y 2  z 2
+
+
=1
7.3
10.3
8.8
Martin has completed methods using the Snyder head phantom and characterising the neutron spectra typically used in BNCT for brain tumours [24]. The
methodology was developed using Monte Carlo N-Particle (MCNP) transport code.
In his methods, the head phantom was irradiated bilaterally, from ear-to-ear, to
treat a centrally located tumour of 1 cm3 volume, at depth 73 mm from the skin.
The tumour was loaded with 45 ppm 10 B and healthy tissue with 15 ppm 10 B concentrations. This is the standard 3:1 ratio of 10 B concentration for tumour to normal
tissue. The boron was also explicitly added to the elemental composition of the
tissue to account for boron self-shielding effects [24].
The irradiation field in Martin’s method is of elliptical shape, equal to the brain
projection in a plane perpendicular to the beam direction. This irradiation geometry
provides a more homogeneous dose distribution profile in planes perpendicular to the
beam direction, which produces a better tumour dose to maximum healthy tissue
dose ratio [24]. To calculate dose distribution in the head tissue, the head geometry
was divided into 1 cm3 cubic elements, with these lattice cells providing elementary
volumes for energy deposition of tracked neutrons and photons [24].
Zamenhof has developed a BNCT Monte Carlo based treatment planning and
validation system called NCTPLAN, which is used by the New England Medical
Center at MIT [25]. The planning system uses CT brain scans of a patient, with
the tumour selected slice-by-slice by a medical physicist and radiation oncologist.
The brain of the patient is then used as a model in the planning system, and their
suitability for BNCT is determined [25]. The unique aspect of this system is that
it allows customised synthesis of Monte Carlo models for individual patients with
superimposed isodose distributions onto their CT images [25].
In their trials investigating the use of NCTPLAN, the neutron source of MITR-II
reactor was simulated, incorporating all components of the reactor and its epithermal
neutron output. As the treatment planning system was first developed over 20 years,
a major drawback was the length of time taken to complete a simulation. 70 hours
were required to compute a relatively low number of 3 × 106 incident particles [25].
Zamenhof has stated that computation time less than 30 minutes would be required
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for the planning system to be useful for multiple beam orientations [25].
The results obtained using NCTPLAN were
compared to an experimental in-phantom dosimeter
response to epithermal neutron beam at MITR research reactor. An ellipsoidal water phantom was
used to represent the head, with concentrations of
10
B in water. The skull was represented using an
acrylic shell which was filled with the 10 B water solution. Adjustable tissue equivalent ionization chambers could be inserted into the phantom, allowing
collection of dosimetric data to produce a 3D matrix of isodose distribution [25] as shown in figure
Figure 2.13: Water and Lu2.13.

cite calibration phantom used
The contribution of the RBE weighted dose com- by MIT group [25].

ponents to the total tumour RBE dose was taken at
various depths along the central axis of the epithermal neutron beam for tumour
containing 40 ppm of 10 B. The depth dose was obtained by varying the adjustable
TEPCs inside the phantom. The relative contribution of the high-LET 10 B RBE
dose to a tumour at brain midline was shown to be approximately 71% [25]. Comparison of the experimentally measured phantom head to simulated NCTPLAN shows
that all useful components contributing to the total dose could be modelled using
the Monte Carlo based system. Zamenhof concludes that the total dose rate of the
simulated result agrees reasonably well with experimental data and within the error
margin determined in phantom studies.

2.1.7

Detectors used for BNCT

Among the most challenging aspects of BNCT is the ability to adequately determine
the absorbed dose to the patient and to predict its associated RBE. The relative
contribution of the absorbed dose components in BNCT change as a function of
depth, making them difficult to determine. The neutron RBE can vary significantly
with depth as neutrons are moderated within the body. An accurate assessment of
each component in the treatment field as well as an understanding of the overall
RBE is essential for treatment planning in BNCT [26].
As the radiation field produced during BNCT consists of neutrons and photons,
the standard practice for obtaining the absorbed dose is by dual-dosimeter methods,
with methodology described for mixed fields dosimetry [27]. The absorbed dose due
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to BNC reactions cannot be directly measured in this method, which uses activation
foils to measure the thermal neutron flux and calculate the BNC dose. As a portion
of the activation in the foil is induced by the epithermal neutrons in the beam, a
second foil measurement is required for energy separation. This must be repeated
four times to obtain the photon, neutron and BNC absorbed dose components, which
leads to large uncertainties using this method for BNCT dosimetry [26].
There are several types of methods available for detection and characterisation of
the dose components associated with BNCT. These include chemical analysis, such
as mass spectroscopy, or physical measurements of the 10 B capture. Examples of
physical measurement techniques include the detection of alpha particles by TEPCs
and also prompt-gamma detectors.
The Tissue Equivalent Proportional Counter (TEPC) is the gold-standard for
the measurement of microdosimetry spectra, which was pioneered by Rossi [27]. The
TEPC consists of a detector with a gas filled cavity, which is the sensitive volume,
that has electrical changes in its gas due to ionising radiation. TEPC measurements
of the charge collected within a gas-filled cavity are related to the energy absorbed
in the gas and the surrounding medium, which provide the absorbed dose and dose
equivalent quantities. The gas often utilised is a tissue equivalent mixture with
methane, propane or other gases [28]. Dosimetry using TEPCs allows the direct
measurement of the BNC dose, with smaller uncertainties in the neutron absorbed
dose. Most importantly, lineal energy spectra measured with TEPCs can be used
to predict the RBE through the use of biological weighting functions [26].
INFN, Italy, has developed a ’dual counter microdosimetric technique’ which
utilises two detectors of same dimensions, but different wall materials, A-150 tissueequivalent plastic and boron-loaded A-150 plastic. The difference in lineal energy
spectra can be used to determine the components occurring from BNC.

Figure 2.14: INFN microdosimetric spectrum for TEPC events at
1µm [26]

Figure 2.15: INFN microdosimetric spectrum for TEPC events at
50nm [26]
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Figure 2.14 shows the microdosimetric spectra for 1 µm equivalence, with three
peaks seen. The first is due to electron emerging from the interaction of photons
with matter, the second is due to low energy protons set in motion by neutrons.
The third peak is mainly due to the products of the BNC reaction.
Figure 2.15 shows the microdosimetric spectra for 50 nm equivalence, with a
lower pressure of filled gas in the counter. The first peak due to photons has shifted
towards larger y-values, becoming superimposed with the second peak. This indicates that gamma rays and low-LET protons have the same lineal energy range
on the nanometric scale. This suggests that nanodosimetry could be necessary for
determining the biological effect at this small scale.
The use of prompt-gamma detection for calculating the 10 B concentration in
the treatment area has been theorised with recent advancements in construction
of high-resolution instrumentation for this application [29]. Current alternatives to
calculate the 10 B within the tumour in treatment area rely on drug kinetics, such as
clearance rates from various organ and tissue types.
The use of prompt-gamma detection by Single-Photon Emission Computed Tomography (SPECT) is the ultimate goal for all BNCT facilities, as it would provide
an ability to reproduce 3D images of the boron-rich areas, without the need for additional ionising radiation, such as that delivered by CT. The use of SPECT in BNCT
was proposed by Kobayashi [30], which measures the 478 keV prompt-gamma ray
emitted during boron capture. Tokai iBNCT is currently working on a treatment
planning system which incorporates prompt-gamma SPECT for real-time imaging
of boron clearance from the tumour cells [18].
CdTe semiconductor detectors are generally used in prompt-gamma SPECT
studies [29], due to their compactness and durability. CdTe also has the advantage
of operating at room temperature, which is more suitable for bundling multiple
detectors into an array [31].
Yoon and Jung [32] have shown that image reconstruction of a prompt-gamma
ray detected during BNCT simulation can be evaluated and used to produce an
image relative to 10 B concentration within regions in a phantom. LYSO scintillation crystals were used for detection as it is commonly used in SPECT and PET
imaging.

2.1.8

Open Issues with BNCT

The major issues with BNCT concern the neutron sources, boron compounds and
clinical applications. Critical issues that need to be addressed include the need for
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more effective boron delivery agents, and also the need for a quantitative estimate
of boron content in tumour volume before treatment.
The optimisation of agent delivery to tumour cells is required to increase the dose
delivered whilst reducing unwanted dose to normal tissue. Another consideration
is maintaining the ratio between boron agent concentration in tumour to normal
tissue, which restricts the amount of boron concentration that can be administered.
Ideally, all boron agent would be delivered to the tumour cells, so treatment would
result in localised double-strand breaks. As the concentration must be kept low, this
increases the total treatment time required, with BNCT taking between 20 and 90
minutes, unlike other radiotherapy modalities which takes less than 15 min [4].
Besides boron delivery agents, the other main problem in BNCT is improving
the neutron source. These issues require maximisation of the epithermal component
while reducing dose contamination by fast neutrons and gamma sources [3].
Current evaluation of a successful treatment involves pre and post BNCT imaging to verify whether tumour size has decreased. The availability of proper real-time
treatment measurements has been restricted to detection of prompt-gamma rays,
which is still in its early stages [18]. The work presented in this thesis seeks to
improve dosimetry of BNCT treatments determined by epithermal neutron beam
characteristics and known 10 B concentrations used.

2.2

Physics of Neutron Capture

Neutrons are sub-atomic particles with no charge. Neutrons are classified with
respect to their energy, as follows: thermal (∼ 0.5 eV), epithermal (0.5 eV - 10 keV)
and fast (> 10 keV) [3].
Incident neutrons can have several types of interactions with its target nucleus,
with the two main types being scattering or absorption. The probability of an
interaction occurring is defined by the nuclear cross section for the target nucleus,
which is dependent on the energy of the incident particle and characteristics of the
target. Scattering can be either elastic, where the total kinetic energy of the neutron
and target nucleus is unchanged, or inelastic, where the neutron transfers some of
its kinetic energy to the nucleus, which then undergoes an internal rearrangement
into an excited state, from which it releases radiation before returning to its ground
state [33].
If the neutron is absorbed (or captured) by the nucleus, a variety of emissions
can occur as the nucleus rearranges its internal structure. Gamma rays as well as
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other particles such as protons, deuterons and alpha particles can be emitted. In
BNCT, there are three neutron capture types which contribute to the total dose in
the treatment region and in the surrounding healthy tissue: (i) thermal capture of
10
B, (ii) radiative capture of hydrogen and (iii) (n,p) reaction by 14 N [33].
(i) Thermal Capture of
10

10

B.

B + n −→ 11 B −→ 7 Li + 4 He + γ,
−→ 7 Li + 4 He,

Figure 2.16: Cross Section of

Q = 2.314M eV

94%

Q = 2.796M eV

6%

10 B(n,α)7 Li

reaction. [20].

Thermal neutron capture has a high cross section in Boron-10. When a low
energy neutron is captured, an alpha particle and lithium nucleus are emitted, which
have very high LET, resulting in localised energy deposition within 10 micrometer,
which is roughly the size of a cell. The 94% reaction produces 0.48 MeV gamma,
0.84 MeV 7 Li and 1.47 MeV alpha. The 6% reaction produces 1.01 MeV 7 Li and
1.77 MeV alpha.
(ii) 1 H(n,G)2 H - Radiative capture of hydrogen.
1

H + n −→ 2 H + γ + 2.224M eV

An incident neutron binds to the proton, forming deuterium, 2 H. In this reaction,
energy is released with a single gamma photon of 2.23 MeV.
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Figure 2.17: Cross Section of 1 H(n, G)2 H reaction. [20].

(iii)

14

N(n,p)14 C - (n,p) reaction by
14

14

N.

N + n −→ 14 C + 1 H + 0.66M eV

Nitrogen-14 captures low energy thermal neutrons and releases a proton with
energy 0.58 MeV. This reaction results in a 14 C nucleus, which is a beta emitter
with a half-life of 5730 years.

Figure 2.18: Cross Section of

14 N (n, p)14 C

reaction. [20].
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Microdosimetry

Microdosimetry is a technique for quantifying the effect of radiation at cellular
level. The measurement of the frequency distribution of lineal energy or specific
energy deposited in an actual or equivalent microscopic volume forms the basis
for microdosimetry. As the energy deposition is stochastic, its distribution allows
quantification of radiation characteristics, which is important for radio-protection
and radiation therapy.
The introduction of microdosimetry has contributed significantly to the understanding of the radiation effects in tissue and other materials [28]. In particular,
microdosimetry is crucial for BNCT, proton and heavy ion therapy and radiation
protection, as it allows for an evaluation of the effect of a mixed radiation field at a
cellular level.
The microdosimetric approach is powerful in a radiation environment where the
particle species or their energy distribution is unknown or time varying, such as in
the space environment and other mixed radiation fields [28]. Microdosimetry can be
used in space applications to provide real-time assessments of radiation exposure,
with consideration of biological effects to astronauts and damage to electronics [28].
In this project we characterise novel silicon microdosimeters developed at the Centre For Medical Radiation Physics, University of Wollongong, for BNCT Quality
Assurance.

2.3.1

Microdosimetric Quantities

Microdosimetry is based on the measurement of stochastic quantities such as energy
imparted, , specific energy, z, and lineal energy, y. These microdosimetric quantities
are defined as given in ICRU report 36, 1983.[34]
The specific energy z is defined as the quotient of ionising energy imparted to a
mass, measured in J/kg or Gray (Gy).
z=

ε
m

(2.1)

Lineal energy is a quantity used to describe the energy imparted to matter in
a volume of interest by a single energy deposition event (ε) divided by the mean
chord length of the volume dimensions (¯l). Lineal energy is commonly expressed in
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keV/µm and defined as,
ε
y= ¯
l

(2.2)

The mean chord length in a volume is the average length of randomly oriented
chords where the volume is exposed to a uniform isotropic field of infinite straight
lines. The mean chord length is defined for most volume types such as convex,
spherical or cylindrical.
For a convex volume such as a cube or rectangular-parallelepiped (RRP), mean
chord length is defined as;
2abh
¯l = 4V =
S
bh + ab + ah

(2.3)

where V is the volume, S is the surface area of the volume, and a, b, h are the
dimensions of the volume.
For a spherical volume, mean chord length is simply defined as;
l=

4r
3

(2.4)

where r is the radius of the sphere.
Linear Energy Transfer (LET) describes the energy loss of a particle while
traversing a distance through a material. The energy loss is due to ionizations
and excitations during its passage. LET is the average energy loss for a given path
length travelled.
Examples of high-LET particles include alpha particles and protons, and lowLET particles include electrons, positrons and electromagnetic radiation such as
gamma-rays and x-rays.
Restricted LET takes into account the production of secondary electrons, known
as delta electrons, via ionisation during the passage through the material. Unrestricted LET refers to no production of delta electrons, and represents the linear
stopping power of that radiation type.
LET is usually indicated in the units of keV/µm;
LET =

dE
dx

(2.5)

The frequency-weighted mean lineal energy, yF is a non-stochastic quantity de-
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fined as;
Z
yF =

yf (y)dy

(2.6)

If D(y) is the fraction of an absorbed dose with lineal energy equal to, or less
than y, the dose probability density, d(y) can be defined as;
d(y) =

1
dD(y)
=
yf (y)
dy
yF

(2.7)

The dose-weighted mean lineal energy yD , is given as;
Z
yD =

1
yd(y)dy =
yF

Z

y 2 f (y)dy

(2.8)

Due to the wide range that the lineal energy y and its distribution f (y) can span
through, the microdosimetric spectra are usually presented in a log scale. In order
to graphically display spectra of the fraction of events having lineal energy ranges
in a given range of interest, yf (y) vs log(y) is used and given as;
Z

y2

Z

y2

f (y)dy =
y1

[y(f (y))]dlog(y)

(2.9)

y1

The Dose Equivalent, H, used in radiation protection can be derived by using
the microdosimetric spectra of a radiation field (y 2 f (y) vs log(y));
Z
H=D

Q(y)y 2 f (y)d(log(y))

(2.10)

where Q(y) is a Quality Factor obtained from experimental data for biological
weighting of this radiation type, and D is the absorbed dose.[35]
This quality factor gives the weighting dependence on the energy transfer properties of radiation, i.e. linear energy transfer. The limitation of this method is that
LET is not an easily measurable quantity, unlike lineal energy measurements which
describe microdosimetric energy deposition events.
ICRU Publication 40 recommends a Q factor based on lineal energy;
Q(y) =


a1 
1 − exp(−a1 y 2 − a3 y3)
y

(2.11)

where a1 = 5510keV/µm, a2 = 5 × 10−5 µm2 /keV2 , a3 = 2 × 10−7 µm3 /keV3 .
Comparison between the lineal energy and LET based quality factor is shown
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in figure 2.19. At values above a few keV/µm, there is a nice linear trend for the
quality relationship between lineal energy and LET, which can be seen in figure
2.20.

Figure 2.19: Quality factor Q defined as a function of LET (ICRP
60) and lineal energy (ICRU40) [6].

2.3.2

Figure 2.20: The quality relation between lineal energy and LET.
Dashed line shows 1:1 relation. [6].

Microdosimetry Theory

Microdosimetry is based on a measure of stochastic energy deposition events that
occur on a cellular level, and can be used for estimating the dose equivalent and
RBE of mixed radiation fields [36].
In charged particle, neutron and binary therapies, consideration of the Radiobiological Efficiency (RBE) is required [36]. This quantity describes the differences
in cell or tumour response to various types of particle beams. In most of these therapies, the RBE is < 1, but for charged particle therapy, the RBE is changing along
the Bragg Peak due to a change in LET and production of high LET products due
to inelastic reactions [36].
The first formulation of microdosimetry, termed regional microdosimetry, was
based on the concept of sites that are regions of specified dimensions, in which the energy absorbed by ionising radiations is considered without regard to the microscopic
distribution within a site [35]. The alternative and more precise representation,
termed structural microdosimetry, allows a more detailed description of the microscopic pattern of energy absorption based on the average length based on a series of
chords taken through the volume of interest [35].
Representation of biological cells using an array of micron sized semiconductor
sensitive volumes were introduced by the CMRP at UOW and form the basis for
semiconductor microdosimetry [36]. The thickness of these semiconductor volumes
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are relative to that of biological cells, and can be used to approximate the dose
equivalence delivered to tissue.

2.3.3

Microdosimetric Methods

Although currently considered the best available microdosimeter, the TEPC has
several shortcomings. These limitations include: wall effects, relatively large physical size, phase effects due to measurement in gaseous phase, and most importantly,
the inability to simulate an array of cells [37].
An alternative to the TEPC is the solid-state silicon microdosimeter (SSM),
which has been reported on by several groups. The SSM replaces the gas volume
with a solid-state volume but performs in a similar manner. The SSM is based on the
p-n junction formed at the interface between p-doped and n-doped semiconductors
[28]. Electrons from the n-doped region diffuse into the p-doped region, forming a
depletion region at the junction, providing an intrinsic electric field in the direction
from the n-doped to p-doped semiconductors [28]. The resulting microdosimetric
spectra arises from charged particle energy deposition produced from the irradiated
medium [37].
The advantages of silicon based solid state microdosimeters are that they can
provide true microdosimetric sized sensitive volumes, have low voltage operation
and eliminate the need for a tissue equivalent gas. Most importantly, the compact
size of such an instrument leads to the possibility of smaller, more efficient personal
dosimeters which can provide real-time measurements of equivalent dose [38]. However, there are some disadvantages, such as the difficulty in scaling microdosimetric
energy deposition to tissue equivalent deposited dose, and issues with defining the
sensitive volumes to prevent charge diffusion between cells.
Silicon microdosimetry was initially developed for studies in space radiation
effects but was subsequently applied to hadron therapy Quality Assurance applications [39]. Real-time readout of events, as viable from SOI microdosimeter operation
is particularly useful for sudden changes in radiation, especially in the space environment [38].
The Centre for Medical Radiation Physics (CMRP) at the University of Wollongong (UOW) introduced the representation of biological cells using micron sized
semiconductors for microdosimetry by Rosenfeld [36].
Rosenfeld and Bradley developed a prototype silicon microdosimeter at CMRP,
which consisted of an array of microscopic p-n junctions fabricated on varying thicknesses of silicon-on-insulator (SOI) wafers. This device was extensively applied in
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many treatment types such as Proton Therapy (PT), BNCT and Fast Neutron Therapy (FNT) [37]. It has been shown by Cornelius, that Monte Carlo simulations can
be used to characterise the performance of these SOI microdosimeters for mixed
field applications [39]. As of 2016, four generation of Silicon on Insulator (SOI)
microdosimeters have been developed, fabricated and investigated by the CMRP
at University of Wollongong, proving the feasibility of the silicon microdosimeter
concept [8].
The use of SOI detectors removes some of the issues associated with TEPC but
still has two main issues associated with them: difficulty in tissue equivalent scaling
of silicon and ill-defined sensitive volumes due to diffusion effects and complex charge
collection mechanisms [37]. In order to overcome these drawbacks, the CMRP has
designed and manufactured various generations of SOI microdosimeters. The latest
technology is the so-called ”Mushroom”, consisting of free standing and true 3D
sensitive volumes [40].
The current generation of SOI technology, Bridge V2 has improved performance
as a result of complete etching, which produces a 3D definition of the silicon SV. The
Bridge microdosimeter consists of a silicon substrate with etched silicon surrounding
the SVs, whilst leaving thin silicon bridges between SVs to support the aluminium
conductive tracks. These thin silicon bridges allow connection between the sensitive
volumes, and prevent issues associated with low yield as seen in previous generations
of microdosimeters [8]. The implantation of an n+ stop layer has been shown to
reduce lateral charge spread throughout the device [41].

Figure 2.21: Schematic diagram of Bridge microdosimeter V1 (left) and
V2(right). (a) Section of six cells with adjoining silicon bridge regions, (b) crosssection view, (c) V2 device with n+ stop layer surrounding top edges and sides
of the SV [40].

The V2 device has a large sensitive area of 4.1×3.6 mm2 , provided by an array
of approximately 4248 cells, each containing a 30×30 µm cubic SV. The structure
of the microdosimeter is shown in figure 2.22b. Square p-i-n diodes produced by
ion implantation sit at the top of the SVs, beneath a deposited layer of phosphorus

CHAPTER 2. LITERATURE REVIEW

29

Figure 2.22: SEM Images of Bridge SV arrays. (a) Bridge V1 (partially etched),
(b) Bridge V2 (fully etched) [41].

silicate glass (PSG) and silicon dioxide (SiO2 ). The active layer is fabricated on a
high resistivity of 3 kΩ.cm n-SOI active layer of thickness 10 µm and low resistivity supporting wafer [8]. This insulating layer ensures the well-defined SV, which
separates the SOI from the low-resistivity silicon substrate wafer base. For each
array row of SVs, laterally adjacent sections of silicon were completely etched away,
leaving thin 15 µm long bridges to support charge carrying aluminium tracks. SVs
are read out independently in odd and even rows, reducing cross talk and allowing
single events to be isolated from nearby interactions [8].
More recent developments at CMRP, in collaboration with University of Melbourne, have focused on the fabrication of diamond-based microdosimeters [42] [43]
[44]. A core feature of diamond based radiation detectors is their relatively simpler
design, which allows for versatility in the structures which may be produced, without
the need for p-n junctions [43]. CMRP Diamond-based devices have been designed
to create 3D vertical wall-less sensitive volumes embedded in a diamond matrix,
opposed to spatially separated planar diode structures used in SOI microdosimeters
[42]. These types of detectors have the potential to supersede silicon-based SOI
microdosimeters for applications where radiation hardness is more desirable than
sensitivity [42]. The first generation detectors represent the first known attempt to
create buried cylindrical sensitive volume structures in diamond.
The 3D Lateral Electrode Structure (3D-LES) device is the latest development
of diamond-based microdosimeter at CMRP [43]. Laser ablation milling and active brazing silver alloys are used on a high purity diamond to produce a lateral
electric field in the sensitive volume between electrodes. Isolation trenches are created around the contact electrodes to reduce charge collection from outlying regions.
The conducting walls act as a virtual electrode, creating an additional electric field
component and higher leakage current. The device with 20µm contact separation
and its simulated electric field distribution obtained using TCAD is shown in figure
2.23.

CHAPTER 2. LITERATURE REVIEW

30

Figure 2.23: (Left) Top view of 3d-LES before wire bonding showing A, B electrodes, T isolation trench, D contact separation distance. (Right) Cross section
of simulated electric field due to 20V potential between contact electrodes [43].

Charge sharing between sensitive volumes in diamond-based detectors is reduced
by using a radiation damaged pattern to separate them. A high electric field can
be applied to this type of design, allowing charge to be quickly collected in the thin
diamond layer before it can become trapped in defect centres in the diamond [42].
Diamond-based detectors can be considered to be solid-state ionization chambers
[42], with the boron implanted mesh as an analogue to wire anodes. A simpler
diamond microdosimetry design may allow it to be more reliable than SOI detectors,
with the possibility of thinner diamond sensitive volumes, which may be required
for particles with short path length.
Diamond-based detectors have been well characterised and are attractive due
to radiation hardness, large breakdown voltage and relative independence of their
operation on temperature. Other advantages are its low dark current and high
carrier mobility. The small dielectric constant (5.6) means diamond-based devices
have low capacitance which allows for fast signal collection with low noise operation
[44]. The large band gap of diamond (5.5 eV) gives a low probability of thermally
excited charge carriers crossing the band gap. Diamond based detectors have the
inherent advantage that the atomic number (Z) of diamond is 6, nearly matching
the Z of muscle (7.2), which leads to excellent tissue equivalence of these types of
detectors [36]. Diamond can be considered as tissue equivalent material for photons
and charged particles above a certain energy threshold [45].
As mentioned earlier, one of the main issues with solid-state microdosimetry is
difficulty to convert microdosimetric energy deposition to tissue equivalent deposited
dose. The conversion to water or tissue equivalent microdosimetric spectra can
be achieved using suitable geometric scaling factors. The dose equivalent can be
determined by combining the spectra with the defined ICRP quality factor Q(y)
[36]. The scaling of microdosimetric spectra for various sensitive volume thickness
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and material types has been shown by Rosenfeld and Bradley [46], Davis [45] and
Guatelli [38], with results verified by use of Monte Carlo simulations.
Guatelli [38] has shown that a simple geometrical scaling factor, C̄ = (0.56 ±
0.03), of linear dimensions of the SV is adequate to convert experimentally obtained
microdosimetric energy deposition spectra in silicon to equivalent microdosimetric
energy deposition spectra in water, in a proton radiation field in an energy range
between few MeV and 250 MeV. The scaling factor corresponds to the ratio of
stopping power of protons in water to silicon.
Davis [45] adopted a similar methodology for converting diamond energy deposition to tissue equivalent microdosimetric energy deposition based upon the ratio
of stopping powers for protons and alpha particles. The suitable scaling factor for
diamond has been determined as C̄=0.32, which is only stable for MeV to GeV range
[45]. For sub-MeV energies, a dynamic low energy scaling factor is required.
Rosenfeld and Bradley determined, using a similar method for incident ions,
that a geometric scaling factor of approximately C̄=0.63 is applicable for converting microdosimetric energy deposition measurements performed in silicon to energy
deposition in tissue. The range-energy relationships were obtained using SRIM software, and allowed conversion factor determined using;

C̄(ion) =

1
Emax

Z
0

Emax

R(E, ion, Si)
dE
R(E, ion, tissue)

(2.12)

where R(E,ion,target) is the range as a function of energy (E) for the required ion
and target.

2.3.4

Microdosimetry Studies for BNCT

The first application of solid-state silicon p-n junction SOI arrays for microdosimetric measurements in BNCT was shown in a study by Bradley and Rosenfeld
[37]. The use of boron coated silicon diode arrays was shown to be suitable microdosimetric detectors for use in BNCT. Bradley investigated the effects of various
boron-coating options on microdosimetric spectra along with device orientation effects. The boron coating models the biological situation where boron accumulates
on the cell surface, such as boron attaching to monoclonal antibodies, and allows
studies of the microdosimetric spectra within the cell nuclei from a two dimensional
array of cells [37].
The device overlayer of composed of SiO2 and Al, between 1-1.35 µm, roughly
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Figure 2.24: Microdosimetric spectra comparing
boron coated devices irradiated by BMRR epithermal
source [37].

represents the cytoplasm spacing between the cell nucleus and surface [37]. The
device was prepared with a Lucite coating containing 1% 10 B, with a minimum
coating thickness required of 7.4µm, which is roughly the range of a 1.78 MeV alpha
produced by boron neutron capture. Thermal neutron fluence may be attenuated
if the lucite coating was made too thick. Figure 2.24 shows the results obtained
by Bradley using BMRR epithermal source with 300kW reactor power. The lineal
spectrum of device obtained with the device with no boron coating has been scaled
up by 100 in figure 2.24, which shows the small contribution from boron fission
events within the device’s p+ doped region.
The significance of non-coated device displaying very few fission events due to
boron in the p+ doped region indicates the validity of boron implantation directly
onto the SV. This device type would have the ability to simulate boron deposition in
various regions of a cell, which is not possible with a proportional gas counter.
The effect of 10 B present within the p+ region and substrate of the microdosimeter has been discussed by Bradley [7]. Bradley showed that the number of boron
thermal neutron events in the substrate was four orders of magnitude less than that
in the p+ region of the detector. Further, the number of boron thermal events occurring on the 1% 10 B impregnated Lucite cover on top of the detector was up to
1300 times larger than that in the p+ region.
Rosenfeld and Bradley investigated varying geometric positions in their setup
for dedicated solid state microdosimeters for BNCT measurements. The two cases
consisted of having the sensitive volume and neutron-converting generation volume
identical in size and position, and also a large generation volume above a small
silicon SV.
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Figure 2.25: Geometry Case 1 SV and GV are identical in size and
position [46].
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Figure 2.26: Geometry Case 2 GV is a large tissue volume above a
much smaller Si/tissue SV [46].

Case 1, shown in figure 2.25, consists of identical sensitive volume and generation
volume of the same material; silicon or tissue. Construction of such a detector would
be difficult in real-world as nitrogen concentrations required for an acceptable probability of nitrogen capture is too high for maintaining normal device operation. Case
2, shown in figure 2.26, uses generation volume dimensions such that the boundaries
are further from the sensitive volume than the longest range ion; effectively modelling a volume of infinite extent away from the sensitive volume. This models a
layer of tissue equivalent plastic, or real cells, impregnated with appropriate boron
concentrations and place above a silicon cell [46].
The performance of solid-state diodes compared with proportional counter microdosimeters for use in BNCT has been shown by Bradley [7]. Measurements were
taken using the boron-coated diodes at BMRR, and compared to that performed earlier at this facility by Wuu [47] using proportional counters. The comparison between
the lineal energy distribution of the detector types is shown in figure 2.27.

Figure 2.27: Comparison of proportional counter [47] with diode array at BMRR
[7].
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Direct comparison between these two detector types is difficult as the boron
distribution is throughout the entire proportional counter, whilst only on the surface of the diode array. Also, the RRP type geometry has a different chord-length
distribution compared to the spherical counter geometry. The diode array overlayer
of approximately 1 µm, which separates the boron and detector, may reduce the
energy of BNC products reaching the detector.
The contribution of events arising from the p+ boron implanted in the silicon SV
of these devices is negligible when used in epithermal neutron sources for BNCT [37].
The applicability of dedicated BNCT SOI devices with regions of boron implanted
onto the chip has been theorized, which would model boron cellular distribution.
This would not be possible using a proportional gas counter, which also cannot
represent an array of individual cells.
The use of SOI detectors removes some of the issues associated with TEPC such
as large size, phase effects and wall effects. With improvements in SOI microdosimeter fabrication techniques and design, unwanted diffusion effects and charge sharing
through the device has been significantly reduced [41].

2.4

Geant4 Simulation Toolkit

Geant4 (GEometry ANd Tracking) [48] is a Monte Carlo toolkit that simulates the
passage of radiation through matter. Geant4 is capable of describing electromagnetic
and hadronic interactions from high energies (TeV) down to sub-eV scales. Geant4
also provides interfaces for visualisation and analysis of generated results.
Users can build a Geant4 application by providing information such as particle
types, detector properties, tracking management parameters and physics packages.
CMRP has adopted the use of Geant4 in several previous and ongoing novel microdosimeter projects and likewise for this thesis, Geant4 has been adopted in this
project to characterise the radiation field produced during BNCT treatment.
Geant4 uses a random number generator to select between a series of probable
outcomes during particle transport. Particle transport takes place in discrete steps,
where at each step, the random number generated is used to select a process to
apply to the particle (i.e. ionisation, scattering, decay, nuclear processes, etc.) or
not applying any process and allowing the particle to continue to the next step. Once
a large number of these particle tracks has been built up, a statistical representation
of particle behaviour can be calculated [6].
In Geant4, this procedure is facilitated by several categories, packages, classes
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and processes. The event category (G4Event) manages the events from primary and
secondary particles in the simulation configuration and the run package describes
the events with the same beam and detector implementation. The General Particle
Source (GPS) or G4ParticleGun are components which allow modelling of the radiation fields by properties such as beam shape, energy and type of field, which are
user defined prior to a run [49].
In Geant4, particles are not considered as self-moving but rather as being transported, managed by the tracking package which steers the transportation process.
Tracking is executed independently of the particle type and physics processes involved. Tracks are updated at each step, which is managed by the G4SteppingManager
class [48].
Geometrical volumes are defined by a hierarchical tree structure of volumes
built to accommodate the experimental set-up. These geometries are described by
solid, logical and physical volumes built from materials using the G4Material class,
where material characteristics such as atomic number, mass, density and elemental
composition are user defined. Logical volumes can be set as sensitive materials,
allowing event information such as track length and energy deposition within a
specified geometry to be retrieved [49].
There are seven main categories of physics processes used by Geant4 which
describe the interaction of particles passing through geometry material; electromagnetic, hadronic, transportation, optical, decay, photolepton hadron and parametrisation. The electromagnetic physics process model manages both discrete and continuous interactions, including photoelectric effect, Rayleigh scattering, Compton scattering, pair production, particle ionisation and bremsstrahlung. All electromagnetic
models in Geant4 have been validated to be in good agreement with the National
Institute of Standards and Technology (NIST) database, which should adequately
fulfil the objectives of this study [50].
There are many other hadronic physics models that can be used in complement,
depending on the radiation field under study. Figure 2.28 shows the energy limits
that certain hadronic physics models are only applicable for, these include elastic
and inelastic scattering, as well as neutron fission and neutron capture.
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Figure 2.28: Partial inventory of Geant4 hadronic physics models for version
10 [51].

2.5

Neutron Activation Analysis

Neutron Activation Analysis is concerned with quantifying the production of such
isotopes and evaluating the potential risk or effect that might arise. Analysis involves the measurement of half-life of decay and the interpretation of the characteristic gamma ray spectrum. NAA indicates the nuclear reactions that have occurred
within the sample, and also the composition of the original non-radioactive material.
NAA is also used in practical purposes such as detecting impurities in semiconductors and determining lunar and planetary surface composition. Figure 2.29 shows
the process of neutron capture by which neutron activation analysis utilises to identify reactions.

Figure 2.29: Diagram illustrating the process of neutron capture by a target
nucleus followed by the emission of gamma rays [52].
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The production of radioactive nuclei is described by:
dN
= φσN0 − λN = RN0 − λN
dt

(2.13)

Where φ is neutron flux in neutrons/cm2 /sec, σ is reaction cross section in cm2 ,
N0 is the number of target nuclei per cm3 , R is the reaction rate per second, N
is number of radioactive nuclei per cm3 , λ is the decay constant in sec−1 . The
disintegration rate of the produced radionuclide after a set irradiation time is:
D(td ) = N (1 − e−λtd )

(2.14)

Where D(td ) is disintegration rate in Bq of produced radionuclide at time td
after irradiation time has finished.[52]

Chapter 3
The Geant4 BNCT Simulation
Application
Monte Carlo-based simulations have demonstrated to be a useful investigation tool
for BNCT [10]. Many BNCT facilities have adopted Monte Carlo based simulations
for use in Treatment Planning Systems and their validation [19] [25].
This chapter describes the Geant4 simulation application developed in this
project to characterise the BNCT radiation field of the Tokai epithermal neutron
facility and the response of different microdosimeter designs, which may be adopted
in BNCT QA. Geant4 10.01 [48] was used, with ROOT [53] adopted as an analysis
tool.

3.1

Modelling of the Tokai BNCT Facility

Geant4 version 10.01 was used to simulate the BNCT radiation field produced by an
epithermal neutron source. The documented epithermal neutron spectrum provided
by Ibaraki Neutron Medical Research Centre (iNMRC) was used as the primary
neutron source for the Geant4 simulations [16]. This spectrum has most of its
neutron flux distributed within the epithermal energy range (0.5 eV - 10 keV), and
satisfies the guidelines given by IAEA [3] for contamination doses and ratios between
epithermal, thermal and fast neutron fluxes. The primary neutron spectra used as
input in the Geant4 simulation is shown in figure 3.1. The radiation field of the
Tokai epithermal neutron beam was generated using the Geant4 General Particle
Source (GPS) with a beam of varying diameter size.
The beam was generated at the end of the beam nozzle. This was normally
incident on the centre of the homogeneous water phantom with 0.2 mm of air between
38
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the phantom surface and the beam origin.
The initial kinetic energy of the primary particles created in the air volume
was recorded and stored in a ROOT output file [53]. The red lines positioned at
0.5 × 10−6 and 1 × 10−2 MeV in figure 3.1 show the lower and upper energy limits
for epithermal neutrons. The incident neutron field was verified against the input
data, which consists of approximately 86.9% epithermal, 3.7% thermal and 9.4%
fast neutrons.

Figure 3.1: Kinetic energy of the incident neutrons used as primary input in
the Geant4 simulation object of this work.

The Geant4 Low Energy Physics Package, based on Livermore data libraries [54],
was selected to describe all the electromagnetic interactions of particles, down to the
lower limit of validity of this physics model (250 eV). The High Precision (HP) data
libraries have been adopted to describe neutron interactions at energies below 20
MeV. The HP package uses evaluated neutron data, named G4NDL4.4 which comes
largely from the ENDF/B-VII.0 libraries [20]. Radioactive decay was modelled as
well. In particular its use was crucial to investigate the neutron activation of the
microdosimeter device components. A default value of 0.01 µm was set for the
default range cuts for gamma, electrons and positrons due to the short path length
of secondary particles associated with BNCT.
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Characterisation of the BNCT Radiation Field

The experimental set-up of the simulation, represented in figure 3.2, consists of an
air box with sizes 8×8×8 mm3 (called World) containing a water phantom of 7×7×7
mm3 which models the patient, as used in Quality Assurance measurements. A 3.102
mm radius sphere containing 10 B solution, representing the tumour, is contained in
the water phantom.

Figure 3.2: Experimental set-up of the Geant4 simulation. The spherical tumour (in purple) is contained in the water phantom (in blue). The World volume
is made of air (white frame).

The air, water and boron materials were obtained from the G4NistManager,
which provides material definitions derived from the NIST data sources [55]. The
typical volume of gliomas successfully treated by BNCT is around 60 cm3 [11]. For
the Geant4 model, the tumour diameter was chosen to obtain a tumour volume of
0.125 cm3 to limit larger neutron beam sizes and reduce simulation times.
Two concentrations of boron were considered: 99% 10 B, to check whether the
desired reactions were occurring, and also a concentration of 25 parts-per-million
10
B, which is the standard experimental value used in phantom studies [15]. This
geometry models a simple phantom treatment, though it lacks additional boron
introduced to surrounding normal tissue.
The spherical tumour was defined as Sensitive Volume, which means that physical quantities of interest were retrieved in this geometry component. The kinetic
energy of secondary particles originated in the tumour was an output of the simulation, necessary to characterise the radiation field in the treatment region and the
number of neutron capture events happening. Another output of the simulation was
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the energy deposition in the tumour.
For each secondary particle originated in the tumour geometry, the mass number (A), atomic number (Z) and initial kinetic energy (EK ) were stored within a
ROOT output file [53]. The data obtained can be analysed and used to identify
the frequency of reactions occurring within the tumour volume. This analysis involves grouping together the ancestry chain of particles produced in an event and
determining its frequency. Interactions such as 40 Ar neutron inelastic scatter and
14
N(n,p)14 C have been ignored as they occur entirely within air and do not enter
the water phantom or tumour. For the two 10 B concentration types, 5 × 109 primary
events were generated.
The reaction rate is calculated as a function of incident primary neutrons and
also reactions per second. To present a time based component, the Tokai fluence
of 4.66 × 109 neutrons/cm2 /sec was adopted, considering a 0.1 cm2 circular surface
beam incident on the tumour, which equates to flux of 4.66×108 neutrons/sec.
The prompt and delayed gamma component produced by thermal capture is
analysed using data obtained from the IAEA Prompt-Gamma Neutron Activation
Analysis (PGAA) Database [56]. ZVView-v3 [57] was used as the nuclear analysis
tool for plotting the thermal emission data. The resulting neutron cross-sections
are calculated by scaling the data by ratio of atoms present in the 10 B concentrations.
The density corresponding to the two concentrations of
culated and shown in table 3.1.
Material
99% 10 B
25ppm 10 B

Water (%)
1%
99.9975%

10

B (%)
99%
0.0025%

10

B in water were cal-

Density (g/cm3 )
2.265
1.000032

Table 3.1: Boron concentrations in the tumour adopted in this study

The neutron cross-sections for total interactions in 10 B and 11 B are shown in
figures 3.3 and 3.4. After comparison of these cross sections, only the 10 B isotope
was chosen due to three reasons:
•

10

B has a much higher total neutron cross section than 11 B (105 vs 102 barns).

• Neutrons produced in the Tokai facility have elastic scattering only and no
fast neutron interactions with 11 B.
• Similar BNCT facilities such as KURRI use enriched 10 B in their agent delivery
synthesis, so pure 10 B provides a good analogue.
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Figure 3.4: Total cross section of
interaction of neutrons with 11 B [20].

In order to characterise the dose throughout the phantom by irradiation of the
Tokai source, the simulation set-up was altered to calculate dose distribution profiles
for various models. These profiles produced within the boron-loaded tumour allow
visualisation of the neutron interactions which define the overall BNCT dose: protons, neutrons, gammas and BNC products (alpha particles and 7 Li nuclei) [3].
The amended simulation includes two scoring geometries. The first is a rectangular scoring mesh of 0.16 mm cubic voxel size taken over the entire World volume.
The second mesh is a voxelised sphere of the tumour volume. Figure 3.5 shows the
spherical scoring geometry adopted in the simulation. Dose is calculated for each
scoring voxel and stored based on different radiation types. The scoring geometry is
defined by 21 spherical layers in the radial direction with each layer separated using
60 equidistant concentric rings. For each spherical band of a layer, there are 60 phi
segments. The resulting geometry produces a segmented sphere with 75600 voxels,
which are defined as sensitive volumes.
The production cut set on electrons was selected to be 800 µm. The simulation
utilises the Tokai facility energy spectrum with two surface cylindrical beams of radii
0.5 mm and 3.2 mm. The narrower beam is adopted to have a forced evaluation
of the energy deposition, limiting the simulation execution times. The wider beam
allows the entire tumour irradiation, which is more similar to a clinical situation.
The spherical mesh was adopted to reduce partial volume effects occurring along a
curved interface.
The spherical scoring geometry is also used to calculate primary neutron surface
flux. The incident neutrons are recorded when traversing through the first layer
of the voxelised sphere surrounding the tumour. 1 × 1010 primary events were
produced within this simulation, which allows the number of neutrons per cm2 to
be determined using the population for each voxel. Only primary neutrons passing
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through the voxelised shell into the tumour are recorded.

Figure 3.5: Design of the voxelised spherical mesh used for calculating dose
within the tumour and neutron surface flux. Red arrows indicate the direction of
incident neutrons.

3.3

Description of the Simulation to study Neutron Activation of Detector Materials

The next set of simulations focuses on the investigation of activated nuclei fragments
within various detector materials during neutron irradiation. The purpose of this
study relates mainly to the radioprotection of experiment operators and investigation
of background noise that could be produced in the detector. The results presented
lays the groundwork for future research using CMRP microdosimeters at Tokai facility or any other epithermal neutron source, such as C-BENS at KURRI.
The simulation setup consists of a 2 × 2 × 2 cm3 target volume within a 3 × 3 × 3
cm3 air box (called World). The target material is irradiated by a rectangular surface
beam of 2×2 cm2 , which covered one entire side of the target material. Nine detector
materials have been investigated: Aluminium, Graphite, Diamond, Kapton, PMMA,
RMI457, Silicon, Silicon Dioxide and Water. These materials have a potential use
or are currently used in CMRP microdosimeters. Water was investigated as it is
used in phantom studies.
In the simulation, the track history of each particle is recorded. In particular,
information regarding the parent particle and the physics process which produced
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it are recorded. For each interaction, Kinetic Energy (mean, min, max), mean
lifetime and half-life are also stored. Using the collected information, the secondary
particle production rate has been calculated, which is used to describe all interactions
occurring within the target.
The point where the secondary particle is generated and its final location, when
it comes to rest, is also stored. The final position of a particle has three important
purposes:
• If an activated or fragmented particle were to leave the packaging, and interact
with matter in an undesired location.
• Experimental considerations, such as the contribution of energy deposition not
related to BNCT.
• Radioprotection of operators by evaluation of materials than can/cannot be
used in such experiments. The criteria being the length of time necessary for
materials to no longer be ’hot’.
As utilised in the simulation described in the previous section, the neutron flux
upon the target surface was calculated using a scoring mesh set to collect surface
flux by incident primary particles passing through it. Based on the activation rate
and flux of the Tokai neutron beam incident on the detector, the activation rate
is normalised to number of nuclei per second per number of target atoms in the
material.
The mean lifetime of radioactive particles in Geant4 is provided by the RadioactiveDecay 4.2 data package, which is derived from the ENSDF database [58]. For
short-lived nuclei from excited states, they are simulated to decay instantly on production. To counter this, their half-lives are sourced from the ENSDF database.
It has been observed in past experiments utilising solid-state microdosimeters
in fast neutron fields that high levels of ionising radiation were produced following
irradiation. This resulted in necessary cool-down periods that had to be taken
before the detectors were safe to handle again. Therefore, the rate at which materials
produce dangerous levels of ionising radiation and their required cool-down time was
investigated. This was achieved by modelling the rate of neutron activation during
irradiation and the time required for radioactivity to fall below 1µBq. This lower
activity threshold was chosen as it is well below the natural background variability
of the materials tested.
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Description of the Simulation to Characterise
the Microdosimeter Response

A third Geant4-based simulation study was performed to investigate the response
of the novel CMRP SOI Bridge microdosimeter in the BNCT radiation field typical
of Tokai. In addition, a series of simplified models were adopted and characterised
based on sensitive volume thickness.
The geometry of the SOI Bridge microdosimeter was provided by CMRP [59],
which allowed for a simple representation of the device. Figure 3.6 shows the Bridge
detector model in Geant4.

Figure 3.6: Geometry of Bridge in Geant4. Top: Close-up of SV row, Left:
Zoomed-out showing detector array and substrate, Right: Beam’s eye of detector
inside tumour volume. Materials shown; SiO2 (green), silicon (pink), SV (red),
tumour (purple), water box (blue frame), World (white frame).

Bridge V2 was modelled as an array of 4248 3D SOI sensitive volumes, consisting
of 59 rows and 72 columns. The microdosimeter was positioned in the centre of the
tumour sphere geometry, facing the incident beam direction. Each sensitive volume
is defined as a 30 × 30 × 10 µm cube of silicon. 10 µm is the dimension along the
direction of the incident neutron beam. The SVs are positioned above an insulating
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layer of 1 µm of SiO2 . The device substrate consists of a 300 µm silicon backing.
Adjacent SVs on rows were connected by silicon bridges, with a separation pitch of
20 µm between cells. The bridges are also 10 µm in height. On the top of each SV
is a thin SiO2 passivation layer which encloses a small volume of aluminium. All
materials are defined from the G4NistManager, which defines the material properties
based on the NIST database [55].
The simplified model neglects some components of the Bridge detector such
as the p+ boron region on top of the silicon sensitive volume. As well, the n+
phosphorus implantation to the sides of the silicon SV is not applied, which is
representative of the V2 fully-etched Bridge microdosimeter [59]. The addition of a
p+ boron region would contribute to the BNC reactions within the detector, which
is not in the scope of this study. Therefore, only the response of the detector to
boron in the surrounding environment was considered.
The optimised microdosimeter model is a simplified version of the Bridge geometry, using the same size SVs and separation between them in the array. Images of
the optimised microdosimeter model used in Geant4 are shown in figure 3.7.

Figure 3.7: Geometry of the optimised microdosimeter model in Geant4. Left:
Beam’s eye of detector inside tumour volume, Middle: Side-on view of detector
showing SVs buried in water, Right: SV array viewed on angle. Materials shown;
SV (red), water (blue), Insulator (green), tumour (purple), World (white frame).

Each cubic SV is buried in a water layer which vary with the same height for each
case considered. Three SV heights are investigated: 0.1 µm, 1 µm and 10 µm. The
SVs span across a 4.2 × 4.2× mm2 backing insulator with 0.1 µm thickness. These
dimensions were selected to allow the greatest span of the device while remaining
entirely within the tumour geometry. The detector was positioned in the centre of
the tumour geometry and facing the incident beam.
Using the optimised microdosimeter detector, the microdosimetric spectra of
diamond, silicon and water-based detectors are characterised in terms of sensitive
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volume thickness and the concentration of 10 B in the surrounding tumour sphere.
The silicon-based device consists of Si SVs and a SiO2 insulator layer. Diamond was
used for the SVs and insulating layer in the diamond-based detector. The waterbased sensitive volume detector array uses the same dimensions but has diamond or
silicon replaced with water. The use of water sensitive volumes in place of diamond
or silicon indicates the parts of the microdosimetric spectrum that are defined by
material fragments and activations. The applicability of geometric scaling factors
for the detecting materials will be discussed.
For all the microdosimeters tested, each SV in the array has been registered as an
individual sensitive detector in Geant4, so that the response of each volume can be
analysed. The total energy deposition from one event and the volume identification
number is stored. As well, the characterisation of alpha, 7 Li and protons in terms of
whether they are crossers or stoppers is identified. This was achieved by tracking the
particle type within the sensitive volume during a deposition event and determining
whether it has final position in the sensitive volume or not. The secondary particles
such as delta electrons produced while propagating through the material are summed
onto the total energy deposition by alpha particles, 7 Li nuclei and protons.
The particle tracking method developed for the material activation study was
extended so that the particle based on its reaction source could be described in
terms of whether it was a crosser or stopper in the sensitive volume. As well,
it is possible to deduce whether a particle is a starter within a sensitive volume
using the collected track information. The availability of a particle ancestry chain
is particularly important for reaction identification in this case as other sources of
alpha particles and 7 Li nuclei may be present.
To characterise the microdosimetric response of each detector type in different
conditions, tumour concentrations of 0%, 25ppm and 99% 10 B in water are applied.
The case of 0% 10 B concentration allows for background measurement of neutron
interactions in water. The cylindrical surface beam with 0.5 mm radius is employed
for each concentration. For the clinical concentration of 25ppm 10 B, the 3.2 mm
radius beam is also utilised. Each simulation was run with approximately 1.5×1010
primary neutron events.
Microdosimetric spectra is calculated using an adapted version of the method
outlined by Prokopovich [6].

Chapter 4
BNCT Radiation Field
Characterisation: Simulation
Results
4.1

Characterisation of the Flux Rate

The Geant4 simulation setup described in section 3.2 was adopted to characterise
the BNCT radiation field in the phantom modelling the patient. Figures 4.1a and
4.1b show the number of neutrons per cm2 entering the voxels of the surface shell
across the tumour volume, calculated with the neutron beam radius equal to 0.5
and 3.2 mm. 1 × 1010 primary neutrons were incident on the tumour face for each
radii.

(a) 0.5 mm radius neutron beam.

(b) 3.2 mm radius neutron beam.

Figure 4.1: Neutron surface flux incident on tumour face.
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As expected, the case of the smaller beam radius translates to a higher number
of neutrons per cm2 because of the smaller area of incidence.
Figure 4.2 compares the neutron flux calculated at the entrance of the tumour for
the two neutron beams. Primary neutrons traverse the tumour face with relatively
low lateral scatter. For the narrower beam, the in-field width upon the tumour face
contains approximately 99.76% of incident neutron flux.

Figure 4.2: Line profiles describing neutron surface flux across the tumour face
taken at y = 4 mm for each beam radii.

4.2

Calculation of Nuclear Reaction Rates

The Geant4 simulation setup described in section 3.2 has been adopted to calculate the neutron reaction rates. In this case, the diameter of the beam is 0 mm
radius (pencil beam). Table 4.1 shows the number of nuclear reactions per incident
neutron in the tumour for the two 10 B concentrations under investigation. 5 × 109
events were generated in each simulation to obtain statistically meaningful results.
Only processes due to neutron capture and radioactive decay are included. E.g.
interactions such as elastic scattering are omitted.
The results show that 10 B(n,α)7 Li is the most frequently occurring reaction
for both concentrations of boron. BNC occurs with 1.82 × 10−4 reactions/incident
neutron for 25ppm 10 B concentration, versus 7.44 × 10−1 reactions/incident neutron
for 99% 10 B, which is 4088 times more frequent.
However, the thermal capture of 1 H occurs more frequently than BNC reactions
in the 25ppm 10 B case, due to the higher abundance of water. As 1 H(n,G)2 H has
a large nuclear cross-section, it has a high probability of occurring in both boron
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concentrations. Neutron interactions with oxygen are observed in both cases yielding
carbon nuclei, which includes unstable 14 C and 15 C.

Reaction
10

B(n,α)7 Li
H(n,G)2 H
10
B(n,G)11 B
10
B(n,t+2a)
10
B(n,p)10 Be
10
Be→10 B
10
B(n,d)9 Be
16
O(n,α)13 C
18
O(n,α)15 C
15
C→15 N
16
O(n,G)17 O
17
O(n,α)14 C
14
C→14 N
18
O(n,G)19 O
19
O→19 F
17
O(n,G)18 O
10
B(t,d)11 B
10
B(α,p)13 C
17
O(p,G)17 F
17
F→17 O
10
B(α,d)12 C
1

99% 10 B Tumour
Reactions
per
incident neutron
7.44 × 10−1
7.52 × 10−7
9.63 × 10−5
2.00 × 10−5
4.66 × 10−6
4.66 × 10−6
1.22 × 10−7
1.00 × 10−8
1.60 × 10−9
1.60 × 10−9
4.40 × 10−9
4.00 × 10−10
4.00 × 10−10
4.00 × 10−10
4.00 × 10−10
–
8.00 × 10−10
8.00 × 10−10
–
–
4.00 × 10−10

25ppm 10 B Tumour
Reactions
per
incident neutron
1.82 × 10−4
7.00 × 10−4
2.16 × 10−8
1.20 × 10−9
–
–
–
6.02 × 10−7
5.90 × 10−7
5.90 × 10−7
3.82 × 10−7
1.04 × 10−7
1.04 × 10−7
9.60 × 10−9
9.60 × 10−9
1.60 × 10−9
–
–
4.00 × 10−10
4.00 × 10−10
–

Table 4.1: Number of nuclear reactions per incident neutron in 99% and 25ppm
loaded tumour.

10 B

For both 10 B concentrations used, there were 12 discrete lines derived from
nuclear de-excitation observed due to thermal captures and also annihilation events.
The list of gamma energies and their sources is shown in table 4.2. The published
data obtained from the IAEA Prompt Gamma-ray Neutron Activation Analysis
(PGAA) Database has been scaled relative to the ratio of atoms present in the two
concentrations and is shown in figures 4.3 and 4.4.
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Gamma Energy (keV)
197.142 keV
477.595 keV
511 keV
870.68 keV
1087.75 keV
1356.84 keV
2184.42 keV
2223.25 keV
2296.63 keV
2533.35 keV
2875 keV
3272.02 keV

Reaction Source
18
O(n,G)19 O Delayed
10
B(n,α)7 Li Prompt
Annihilation
16
O(n,G)17 O Prompt
16
O(n,G)17 O Prompt
18
O(n,G)19 O Delayed
16
O(n,G)17 O Prompt
1
H(n,G)2 H Prompt
10
B(n,α)7 Li Prompt
10
B(n,α)7 Li Prompt
16
O(n,α)13 C Prompt
16
O(n,G)17 O Prompt

Table 4.2: Major gamma emissions observed for both 99% and 25ppm
concentrations in the tumour.

Figure 4.3: Prompt (red) and Delayed (blue) Gammas produced by
Thermal Capture of H, O and 10 B in
the case of 99% 10 B concentration.
Figure adapted from [56].
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10 B

Figure 4.4: Prompt (red) and Delayed (blue) Gammas produced by
Thermal Capture of H, O and 10 B
in the case of 25ppm 10 B concentration. Figure adapted from [56].

The major gamma ray energy peak in the 99% 10 B concentration is 477.595 keV,
shown in figure 4.3, which is due to BNC, occurring with 94% of the captures. For
the 25ppm 10 B concentration, figure 4.4 shows gamma ray discrete lines typical of
interactions with water. Such lines have a higher cross section with respect to the
case of 99% 10 B as expected. Because of the abundance of water, delayed gammas
associated with 18 O(n,G)19 O, with energy equal to 197.142 and 1356.84 keV, are
observed. The 2223.25 keV gamma ray line has the highest cross section in the case
of 25ppm 10 B concentration.
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Radiation Field Characterisation with 99% 10B
Concentration

Figure 4.5 shows the kinetic energy of particles when generated in the tumour volume, in the case of 99% 10 B concentration. Interactions due to BNC events are
dominant in this spectrum, with the 94% products of 0.48 MeV gamma, 0.84 MeV
7
Li and 1.47 MeV alpha occurring frequently. The 6% products of 1.01 MeV 7 Li and
1.78 MeV alpha are also seen but with smaller frequency. Additional high intensity
prompt-gamma emissions associated with 10 B thermal capture can be seen around
2296 and 2533 keV.
Even though there is only 1% water present in the tumour, the high neutron
cross-section for scattered protons in hydrogen leads to significant contribution in
the low energy region. Also due to the minimal amount of water present, there are
almost no other alpha particles produced than those by the 10 B(n,α)7 Li reaction.
Elastic scattering of 10 B by neutrons occurs with energies below 1 MeV.

Figure 4.5: Kinetic energy of different particle types indicated in the legend,
originated in the tumour in the case of 99% 10 B concentration.

Figure 4.6a shows the 2D dose profile with the neutron beam incident from the
left on the spherical water phantom. The dose is calculated per incident neutron for
the 99% 10 B loaded tumour. The neutron beam has a radius of 0.5 mm. Figure 4.6b
shows the dose at the front of the phantom, calculated with the same simulation
parameters.
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(b) Face-on view

(a) Side-on view

Figure 4.6: Dose distribution representing dose per incident neutron (nGy/n)
for 0.5mm radius beam on 99% 10 B Tumour, (a) Side-on cross section (b) Front-on
dose across sphere face.

The maximum dose occurs just under the tumour surface with approximately
160 nGy per incident neutron. As seen in the side-on view, the dose decreases
non-linearly with increasing depth in the tumour volume.
Figure 4.7 shows the dose produced by different radiation components of the
BNCT treatment from a side-on view. The scale is different for each plot. The
maximum calculated dose for each radiation component is shown in table 4.3. It
can be observed that BNC produces over 4 orders of magnitude higher dose than
the other components. For comparison, figure 4.8 shows the same results with the
same scale, relative to the total dose maximum.
Total
160

Gamma
7.2×10−3

Neutron
9.4×10−6

BNC
160

Proton
0.034

Table 4.3: Maximum dose components (nGy/n) for 0.5mm radius beam on 99%
10 B Tumour.

The different radiation components of the BNCT field produce maximum doses
in the part of the tumour in front of the neutron beam. This is due to the neutron
attenuation by boron within the tumour, as described by the intensity of BNC
reactions contributing to the total dose rate. Gamma photons are located in the
same region as BNC reactions with some depositing energy in the water phantom
and surrounding air volume. This indicates that the majority of gammas are created
at 94% with the 10 B(n,α)7 Li reaction. The dose due to protons along the neutron
beam direction at the two opposite sides of the tumour. Dose by neutrons is also
found in the same regions which indicates that proton production is due to neutron
interactions with the water medium surrounding the tumour.
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(a)

(b)

(c)

(d)

Figure 4.7: Dose distribution per incident neutron (nGy/n) for 0.5mm radius
neutron beam when incident on a 99% 10 B concentrated tumour with maximum
relative to quantity. a) Gamma, b) Neutron, c) BNC, d) Proton.

(a)

(b)

(c)

(d)

Figure 4.8: Dose distribution per incident neutron (nGy/n) for 0.5mm radius
neutron beam when incident on a 99% 10 B concentrated tumour with maximum
relative to total dose, side-on view. The same scale is adopted in all plots with
maximum dose of 160 nGy/n. a) Gamma, b) Neutron, c) BNC, d) Proton.
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Figure 4.9 shows the dose distribution produced by the different components of
the BNCT radiation field, represented with the same scale from a face-on view. It can
be observed that the dose due to BNC is significantly higher in-field. Protons deposit
the major part of energy in-field as well. Gamma and scattered neutrons produce
dose more homogeneously within the phantom as they have a higher probability of
scattering.

(a)

(b)

(c)

(d)

Figure 4.9: Dose contour distribution across tumour surface representing dose
per incident neutron (nGy/n) for 0.5mm radius beam on 99% 10 B Tumour with
maximum relative to total dose, shown beam’s eye view face-on. Maximum dose
rate is 160 nGy/n. a) Gamma, b) Neutron, c) BNC, d) Proton.

Figure 4.10a and 4.10b show the dose profiles for the 99%
wider 3.2mm radius.

(a) Side-on view

10

B tumour with the

(b) Face-on view

Figure 4.10: Dose distribution representing dose per incident neutron (nGy/n)
for 3.2mm radius beam on 99% 10 B Tumour, (a) Side-on cross section (b) Front-on
dose across sphere face.
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As expected, the dose is distributed similarly to the case of a smaller beam
size, but with a full coverage of the tumour. The use of spherical voxelisation for
representation of the tumour can be fully appreciated here, as there are no partial
volume effects seen at the interfaces. The side-on dose profile produced by the
different radiation field components of BNCT for incident 3.2mm radius beam is
shown in figure 4.11. The same plots are shown with the same scale in figure
4.12. The maximum calculated dose for each radiation component is shown in table
4.4.
Total
6

Gamma
3×10−4

Neutron
5×10−8

BNC
6

Proton
1.25×10−3

Table 4.4: Maximum dose components (nGy/n) for 3.2mm radius beam on 99%
10 B Tumour.

(a)

(b)

(c)

(d)

Figure 4.11: Dose distribution per incident neutron (nGy/n) for 3.2mm radius
neutron beam when incident on a 99% 10 B concentrated tumour with maximum
relative to quantity. a) Gamma, b) Neutron, c) BNC, d) Proton.
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(c)

(d)

57

Figure 4.12: Dose distribution per incident neutron (nGy/n) for 3.2mm radius
neutron beam when incident on a 99% 10 B concentrated tumour with maximum
relative to total dose, side-on view. The same scale is adopted in all plots with
maximum dose of 6 nGy/n. a) Gamma, b) Neutron, c) BNC, d) Proton.

Figure 4.13 shows the dose distribution produced by the different components of
the BNCT radiation field, represented with the same scale from a face-on view.

(a)

(b)

(c)

(d)

Figure 4.13: Dose contour distribution across tumour surface representing dose
per incident neutron (nGy/n) for 3.2mm radius beam on 99% 10 B Tumour with
maximum relative to total dose, shown beam’s eye view face-on. Maximum dose
rate is 6 nGy/n. a) Gamma, b) Neutron, c) BNC, d) Proton.

The majority of dose is due to BNC reactions. It can be observed in figure
4.11 that the dose due to gamma photons is very low but is localised at the same
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site of BNC reactions. Scattered neutrons and protons deliver their dose almost
entirely outside the tumour in water, with some deposition to the air surrounding
the phantom, which indicates they are leaving the world volume. The maximum
neutron dose is in the water phantom due to scatter events. There is a very low
energy deposition by scattered neutrons and protons within the tumour volume,
which confirms that the generation of these particles are mostly due to interactions
with water.

4.4

Radiation Field Characterisation of 25ppm 10B
Concentration

The initial kinetic energy of secondary particles produced in the 25ppm 10 B concentration case is shown in figure 4.14.

Figure 4.14: Kinetic energy of different particle types indicated in the legend,
originated in the tumour in the case of 25ppm 10 B concentration.

The prompt gamma emission due to 1 H(n,G)2 H at 2223.25 keV is higher than the
production of other gamma rays. The proton spectrum for this boron concentration
is mainly due to scatter and is occurring at a higher rate than BNC reactions. The
fragmentation of 16 O due to neutron inelastic interactions occurs at a high frequency
in the lower energy range. The elastic scattering of 10 B is present in the spectrum
at less than 20 keV, but at a lower rate. Compared to the 99% 10 B case, there are
much less BNC reactions occurring. Due to the higher abundance of water present,
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there are additional alpha particles which are produced by the neutron capture of
oxygen isotopes with an energy of 0.95 keV due to 18 O(n,α)15 C, 1456 keV due to
17
O(n,α)14 C, and at 1883 keV due to 16 O(n,α)13 C. The third alpha peak is not
visible but produces a left-skew effect on the larger 1780 keV peak next to it, which
is due to 10 B(n,α)7 Li.
The dose profile for a 0.5mm radius beam incident on a 25ppm 10 B loaded
tumour is shown from a side-on and front-on view in figures 4.15a and 4.15b.

(b) Face-on view

(a) Side-on view

Figure 4.15: Dose distribution representing dose per incident neutron (nGy/n)
for 0.5mm radius beam on 25ppm 10 B Tumour, (a) Side-on cross section (b)
Front-on dose across sphere face.

Inspection of the side-on profile in figure 4.15a shows that the dose is delivered continuously throughout the water phantom and tumour with low attenuation. Figures 4.16 and 4.17 show the energy deposition contributed by the radiation
components of BNCT with different and same scales, respectively. The maximum
calculated dose for each radiation component is shown in table 4.5.
Total
0.144

Gamma
2×10−6

Neutron
1.6×10−6

BNC
0.014

Proton
0.125

Table 4.5: Maximum dose components (nGy/n) for 0.5mm radius beam on
25ppm 10 B Tumour.
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(a)

(b)

(c)

(d)

Figure 4.16: Dose distribution per incident neutron (nGy/n) for 0.5mm radius
neutron beam when incident on a 25ppm 10 B concentrated tumour with maximum
relative to quantity. a) Gamma, b) Neutron, c) BNC, d) Proton.

(a)

(b)

(c)

(d)

Figure 4.17: Dose distribution per incident neutron (nGy/n) for 0.5mm radius
neutron beam when incident on a 25ppm 10 B concentrated tumour with maximum
relative to total dose, side-on view. The same scale is adopted in all plots with
maximum dose of 0.144 nGy/n. a) Gamma, b) Neutron, c) BNC, d) Proton.
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Figure 4.18 shows the dose distribution produced by the different components of
the BNCT radiation field, represented with the same scale from a face-on view.

(a)

(b)

(c)

(d)

Figure 4.18: Dose contour distribution across tumour surface representing dose
per incident neutron (nGy/n) for 0.5mm radius beam on 25ppm 10 B Tumour with
maximum relative to total dose, shown beam’s eye view face-on. Maximum dose
rate is 0.144 nGy/n. a) Gamma, b) Neutron, c) BNC, d) Proton.

The results show that the main contribution to the dose derives from by protons,
which are produced by neutron scattering in water. The second major contribution
to total dose comes from the BNC reactions. The maximum dose in this simulation
setup is 0.14 nGy per incident neutron, with protons contributing 89% and BNC
reactions making up 10%. Neutrons deposit energy in-field, when compared to the
other radiation components. Gamma rays deposit energy more homogeneously in
the phantom due to higher scattering probability.
The dose delivered by BNC products decreases with larger tumour depth, due
to the moderation of thermal neutrons, reducing the probability of interaction by
10
B thermal capture. The lower rate of BNC reactions in the tumour indicates that
multi-directional beams are required to ensure uniform dose distribution throughout
the tumour. The alpha particles and 7 Li nuclei produced through BNC are depositing almost all their entire dose in the tumour. It was calculated that for the 0.5 mm
beam width; 0.037% 7 Li and 0.059% alpha produced in tumour by boron capture
have their final position in the surrounding water phantom.
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Gamma produces significant dose outside the tumour in the water medium, due
to the increased production of 2.23 MeV photons by 1 H thermal capture. Tracking
in the simulation shows that of the gamma rays produced by boron capture 40%
remain in the tumour, while about 60% leave the phantom. This result shows that
prompt gamma detection could be a viable tool for determining BNCT treatment
success and boron concentration in the cell.
Figures 4.19a and 4.19b show the dose profiles for the 25ppm
the wider 3.2mm radius.

10

B tumour with

(b) Face-on view

(a) Side-on view

Figure 4.19: Dose distribution representing dose per incident neutron (nGy/n)
for 3.2mm radius beam on 25ppm 10 B Tumour, (a) Side-on cross section (b)
Front-on dose across tumour face.

Figures 4.20 and 4.21 show the energy deposition contributed by the radiation
components of BNCT with different and same scales, respectively. The maximum
calculated dose for each radiation component is shown in table 4.6.
Total
4.42×10−3

Gamma
1.7×10−7

Neutron
5.5×10−8

BNC
3×10−4

Proton
3.6×10−3

Table 4.6: Maximum dose components (nGy/n) for 3.2mm radius beam on
25ppm 10 B Tumour.
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(a)

(b)

(c)

(d)

Figure 4.20: Dose distribution per incident neutron (nGy/n) for 3.2mm radius
neutron beam when incident on a 25ppm 10 B concentrated tumour with maximum
relative to quantity. a) Gamma, b) Neutron, c) BNC, d) Proton.

(a)

(b)

(c)

(d)

Figure 4.21: Dose distribution per incident neutron (nGy/n) for 3.2mm radius
neutron beam when incident on a 25ppm 10 B concentrated tumour with maximum
relative to total dose, side-on view. The same scale is adopted in all plots with
maximum dose of 4.42×10−3 nGy/n. a) Gamma, b) Neutron, c) BNC, d) Proton.
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Figure 4.22 shows the dose distribution produced by the different components of
the BNCT radiation field, represented with the same scale from a face-on view.

(a)

(b)

(c)

(d)

Figure 4.22: Dose contour distribution across tumour surface representing dose
per incident neutron (nGy/n) for 3.2mm radius beam on 25ppm 10 B Tumour with
maximum relative to total dose, shown beam’s eye view face-on. Maximum dose
rate is 4.42×10−3 nGy/n. a) Gamma, b) Neutron, c) BNC, d) Proton.

As seen for the narrower beam incident on the 25ppm 10 B tumour, the dose
contribution is mostly due to protons. The total dose is contributed approximately
86% by protons and 7% by BNC reactions, which is a similar result as seen with
the 0.5 mm beam, as expected. In this simulation setup, the dose due to neutrons
and gamma rays is less significant in comparison to protons and BNC products.
The gamma component is depositing most of its dose outside of the phantom as
photons with approximately 2.23 MeV have a low probability of being attenuated
in the phantom.
The rate of proton production in this case was approximately 4300 times greater
than that of BNC reactions, yet deposition by BNC products represent 7% of the
total dose. This is due to the higher LET of 7 Li and alpha products that deposit
most of their energy within the tumour.
The dose profile of neutrons and protons share a similar distribution but with
a large difference in magnitude. It can be seen that the neutron dose reduces to
approximately half of its maximum value at the water phantom mid-point inside
the tumour. It was calculated that of the primary neutrons being absorbed within
the phantom, 40% have final positions in the water volume and 60% in the tumour.
Comparing with the previous 0.5 mm beam case, this ratio was 22% in the water
volume and 78% in the tumour. This indicates that the use of a wider beam results

CHAPTER 4. BNCT RADIATION CHARACTERISATION RESULTS

65

in neutrons that do not contribute to the BNC reactions and deposit undesired dose
to normal tissue. This is assuming that the tumour is spherical shaped and primary
neutrons are delivered homogeneously in a cylindrical beam.

4.5

Discussion

The goal of this chapter was to characterise the BNCT radiation field with different
boron concentrations in the tumour and incident neutron beam radii.
The case of 99% 10 B was used as a verification tool to ensure that the desired
reactions were occurring before moving onto the clinical concentration of 25ppm.
This setup models an ideal case of a tumour consisting almost entirely of 10 B, which
was used to determine whether the simulation was working correctly, limiting the
simulation execution times. The dose distribution profiles for this case confirmed
that almost all the dose was due to BNC reactions within the tumour. Dose associated with scattered protons and gamma photons was highest on the incident surface
of the tumour.
When the clinical treatment concentration of 25ppm 10 B was modelled, higher
cross-sections of interactions associated with hydrogen and oxygen isotopes were
observed, as expected. Neutron interactions with water such as 1 H thermal capture were observed at a relative intensity to the abundance of hydrogen in the tumour. Comparison of gamma emission energy lines with documented IAEA PromptGamma data showed good agreement, which provides confidence on the adequate
accuracy of the physics models adopted in this work.
For this case, the dose deposition by BNC products decreased at a steady rate
with approximately half intensity at the centre of the tumour. If a detector array
were to be placed within the phantom, the ideal position would be at the tumour
centre as that plane allows the largest span. This would also reduce the amount of
unwanted events at the tumour-water interface that would reach the detector. If a
smaller detector array were to be used, it could be placed closer to the beam incident
surface of the tumour, where the highest rate of BNC reactions are occurring but
would result in more noise from other sources such as scattered protons and unrelated
gamma photons.
Gamma rays produced in the 25ppm 10 B tumour by thermal neutron interactions
deposited very little energy within the tumour with approximately 60% of photons
leaving the tumour. This result provides support for the use of Prompt-Gamma
detectors in BNCT treatment planning systems. Unfortunately due to time restric-
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tions, this avenue could not be explored as it is out of the scope in this study.
Dose distributions for the clinical concentration indicate that the use of a narrow
multi-directional beam on a spherical tumour shape would be the most efficient
regimen. This is largely due to the higher rate of BNC reactions and increased dose
sparing to normal tissue compared with a wide static beam. The decreased rate of
BNC reactions with the wider beam is due to the lower rate of thermal neutrons
reaching the boronated tumour, instead interacting with water.
Now that the suitability of a Geant4 simulation for modelling BNCT has been
shown, further studies and adaptations can be applied as shown in the next chapter.
The simulation application should also be compared to experimental measurements
at a real BNC facility, however such experimental data at the Tokai facility is not
available yet as clinical trials of BNCT have not begun.

Chapter 5
Neutron Activation of Detector
Materials: Simulation Results
5.1

Approach to analyse the results

The neutron flux passing through the target surface was calculated as described in
section 3.3 and is shown in figure 5.1. Assuming an incidence of 5×109 neutrons/cm2 /sec,
the results were normalised per incident neutron and then multiplied by the number
of neutrons incident per second. This method was applied to the simulation results
when calculating the neutron activation rate of each material.

Figure 5.1: Neutron Flux incident on the target, in units of neutrons/cm2 /sec.
The target dimensions are 20×20×20 mm3 .

The tested elements/compounds can be either microdosimeter or phantom materials used in experimental measurements in BNCT facilities. For each target material, the activation rate of nuclei/sec/number of target atoms is presented in tabular
67
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form and also plotted as a function of initial kinetic energy. For targets with high
activation rates, gamma sources are plotted separately for clarity. The activated
radioisotope rate of decay is shown as a function of time for a typical one hour
irradiation period. This includes the cool-down time required for activity to drop
below 1 microBecquerel (µBq). This lower activity threshold was chosen as it is well
below the natural background variability of the materials tested.

5.2

Aluminium Activation

Aluminium is used in microdosimeters as a conductive layer to connect circuit elements together. When irradiated, aluminium did not yield much radioactive byproducts; mostly 28 Al which was produced at 4.94 × 10−17 nuclei/sec/number of
target aluminium atoms. The reactions that occurred within the target during irradiation are shown in table 5.1.
Reaction
27

Al(n,EL)
Al(n,G)28 Al
28
Al→28 Si[1779.030]
28
Si[1779.030]→28 Si
27
Al(n,INL)
27
Al(n,p)27 Mg
27
Mg→27 Al[843.760]
27
Al[843.760]→27 Al
27
Mg→27 Al[1014.560]
27
Al[1014.560]→27 Al
27
Al(n,α)24 Na
24
Na→24 Mg[4122.889]
24
Mg[4122.889]→24 Mg
27

Nuclei/s/No.
Target Atoms
6.41 × 10−15
4.94 × 10−17
2.55 × 10−19
2.55 × 10−19
8.88 × 10−18
7.20 × 10−20
6.24 × 10−23
6.24 × 10−23
2.60 × 10−23
2.60 × 10−23
1.35 × 10−22
1.53 × 10−27
1.53 × 10−27

Radioactive
Product
–
28
Al
28
Si[1779.030]
–
–
27
Mg
27
Al[843.760]
–
27
Al[1014.560]
–
24
Na
24
Mg[4122.889]
–

Decay Type &
Average KE [58]
–
β − 4642.356 keV
γ 1778.696 keV
–
–
β − 2610.007 keV
γ 843.76 keV
–
γ 1014.52 keV
–
β − 5515.453 keV
γ 2745.007 keV
–

Half-Life
–
134.552 sec
475 fs [58]
–
–
564.719 sec
35 ps [58]
–
1.49 ps [58]
–
61350.2 sec
22 fs [58]
–

Table 5.1: Interactions within Aluminium Target resulting from neutron irradiation. Decay energy and short-lived half-life referenced from [58].

As seen in table 5.1, there are three radioactive products produced: 28 Al, 27 Mg
and 24 Na. The activity of these radioactive products during irradiation and decay
are shown in figure 5.2 with respect to time. A typical one hour irradiation period
is simulated with the time taken for activity to reduce past 1 µBq shown. As 28 Al
has a relatively short half-life, it is not of much concern. Following one hour of
irradiation, the concentration of 28 Al takes less than 2 hours for its activity to drop
below 1 µBq.
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Figure 5.2: Activity of radioisotopes produced within 1cm3 of Aluminium target
material. Simulated for 1 hour irradiation period with following cool-down.

The gamma component produced within the aluminium target during irradiation is shown in figure 5.3. As expected, the gamma spectrum displays many
discrete emissions due to the large number of thermal captures occurring by the
27
Al(n,G)28 Al reaction. The large peaks seen in the gamma ray spectrum are due to
prompt gamma emission from 28 Al capture at 7724 keV and also the delayed gamma
released during 28 Al decay, from the excited levels of 28 Si at 1779 keV. There are also
various other sources of photon emission arising from annihilation, bremsstrahlung
and Compton scattering events.

Figure 5.3: Gamma photons produced by a typical BNCT neutron field in an
aluminium target.

The most frequent products in aluminium are shown in figure 5.4. It can be seen
that there is a large occurrence of secondary neutrons from inelastic interactions
with 27 Al, which results in additional gamma photon emissions from its excited
state. Secondary neutrons are produced almost entirely by these interactions with
27
Al nuclei.
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Thermal capture of 27 Al producing radioactive 28 Al occurs frequently at a rate
of 4.94 × 10−17 nuclei/sec per number of aluminium atoms in the target. The determined half-life of 28 Al based on mean lifetime in the simulations was 134.55 sec.
Its radioactive decay results in a large number of electrons with energy up to 2860
keV.
The frequent rate of gamma emissions in aluminium results in a large number of
pair production interactions occurring. The increased presence of electrons within
the aluminium material results in further electron ionisation, producing a cascade
of secondary particles.

Figure 5.4: Secondary radiation field produced by a typical BNCT neutron field
in an aluminium target.

5.3

Graphite Activation

Graphite is typically used in microdosimeters as contacts on a terminal connection,
which has a low presence in the detector. When irradiated with epithermal neutrons,
graphite did not yield many radioactive products, with 14 C produced at the rate of
9.13 × 10−21 nuclei per sec per target carbon atoms present. 14 C is a naturally
occurring radioisotope of carbon which has a very long half-life of 5730 years [20].
The rate of reactions produced within the graphite target during neutron irradiation
are shown in table 5.2.
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Reaction
12

C(n,EL)
C(n,EL)
12
C(n,G)13 C
12
C(n,INL)
13
C(n,G)14 C
13
C(n,INL)
14
C→14 N
13

Nuclei/s/No.
Target Atoms
1.93 × 10−14
2.07 × 10−16
8.44 × 10−19
1.95 × 10−19
9.13 × 10−21
1.91 × 10−21
3.71 × 10−32

Radioactive
Product
–
–
–
–
14
C
–
–

Decay Type &
Average KE [58]
–
–
–
–
β − 156.476 keV
–
–
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Half-Life
–
–
–
–
5407.55 yr
–
–

Table 5.2: Interactions within Graphite Target resulting from neutron irradiation. Decay energy and short-lived half-life referenced from [58].

The simulated production of radioactive products in graphite is shown in figure
5.5 with respect to time. 14 C is the only radioactive product produced by neutron
irradiation of graphite. The activity of 14 C after one hour of irradiation is just
above 1 × 10−5 Bq, which is well below the IAEA limit of 1 × 107 Bq or 1 × 104 Bq/g
[60]. The half-life as determined in the simulation was 5407.55 years. However the
relatively low rate of production means that the sample would need to be irradiated
for over 8.5 × 106 years to reach the IAEA limit, so it is not of concern.

Figure 5.5: Activity of radioisotopes produced within 1 cm3 of Graphite target
material. Simulated for 1 hour irradiation period with following cool-down.

The most frequent products in graphite are shown in figure 5.6. It can be
seen that there is a very low number of secondaries being produced; with the most
counts coming from the gamma component and inelastically scattered 12 C. Pair
production occurs at a much lower rate than seen in the aluminium material. The
inelastic scatter by neutrons with 12 C is the primary source of secondary neutrons
in graphite.
There are several prompt gamma emissions by 12 C(n,G)13 C at 595.02 keV,
1261.77 keV, 3683.92 keV and 4945.3 keV. 13 C(n,G)14 C has only one peak visible at
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Figure 5.6: Secondary radiation field produced by a typical BNCT neutron field
in a graphite target.

8174.04 keV. There is a large peak at 4439 keV due to neutron inelastic scattering
of 12 C.
For an epithermal neutron source, graphite remains a relatively stable material.
The neutron activation cross-section of carbon is higher for fast-neutron sources,
with reactions such as 12 C(n,α)9 Be more likely. Graphite would make an ideal choice
when considering materials for detector fabrication in this field as it has low counts
in the region of 400 keV to 2000 keV. However, the frequent production of carbon
nuclei by elastic scattering in the lower energy range may contribute significantly to
noise in the signal.

5.4

Diamond Activation

Diamond was modelled as carbon with a density of 3.515×g/cm3 . Diamond is generally used in microdosimeters as sensitive material or in the detector substrate. As
diamond has the highest atomic density of any material, this allows for high neutron
efficiency per unit volume. Diamond is particularly suited for sub-MeV neutron detection due to its high intrinsic efficiency. Table 5.3 shows the reactions which are
occurring within diamond during epithermal neutron irradiation. Similarly to the
graphite target, the only radioisotope produced is 14 C, at the rate of 8.46 × 10−21
nuclei per sec per target carbon atom.
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Reaction
12

C(n,EL)
C(n,EL)
12
C(n,G)13 C
12
C(n,INL)
13
C(n,G)14 C
13
C(n,INL)
14
C→14 N
13

Nuclei/s/No.
Target Atoms
1.69 × 10−14
1.82 × 10−16
7.66 × 10−19
1.64 × 10−19
8.46 × 10−21
1.82 × 10−21
3.20 × 10−32

Radioactive
Product
–
–
–
–
14
C
–
–

Decay Type &
Average KE [58]
–
–
–
–
β − 156.476 keV
–
–
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Half-Life
–
–
–
–
5805.13 yr
–
–

Table 5.3: Interactions within Diamond Target resulting from neutron irradiation. Decay energy and short-lived half-life referenced from [58].

The simulated production of radioactive products in diamond is shown in figure
5.7 with respect to time. As seen with the graphite target, the only radioactive
product produced is 14 C. The half-life of 14 C is very long and is not of a concern as
it is below activity threshold as recommended by the IAEA guidelines [60].

Figure 5.7: Activity of radioisotopes produced within 1 cm3 of Diamond target
material. Simulated for 1 hour irradiation period with following cool-down.

The most frequent products in diamond are shown in figure 5.8. Similarly to
the graphite target, there are low production rate, with most counts coming from
discrete prompt gamma emissions. The high frequency of elastically scattered 12 C
nuclei inside the target raises concern if diamond was used as a sensitive detector
material. The scatter of 12 C, which remains inside the target material, would be
characterised as stoppers in the detector, contributing a large amount of background
noise over the desired signal. The kinetic energy at which the 12 C is being produced
has a high rate of energy loss in diamond.
With an epithermal neutron source, diamond remains relatively stable, making
it attractive for microdosimetry in this energy range. For neutron energies higher
than 5.8 MeV, the production of 9 Be from the fast-neutron reaction, 12 C(n,α)9 Be,
becomes too high. Depending on the thickness of the sensitive material used in
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Figure 5.8: Secondary radiation field produced by a typical BNCT neutron field
in a diamond target.

the detector, the low energy noise produced by scattered carbon nuclei could be
minimised. In other words, a diamond sensitive volume with larger mean chord
length would have higher energy deposition events but also more background noise
due to a larger number of carbon atoms present for neutrons to scatter.

5.5

Kapton Activation

Kapton is a polyimide film that is generally used in microdosimeters as an insulating
substrate. Kapton material was defined composed of 2.636% H, 7.327% N, 69.113%
C and 20.924% O, with a density of 1.42 g/cm3 .
Table 5.4 shows the reactions which are occurring within kapton. As there is a
larger range of isotopes present in kapton, there are more varied neutron interactions
that can occur. However as the microelectronic backing is only thin material, a small
amount of kapton is used in detector construction.
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Reaction
p(n,EL)
12
C(n,EL)
16
O(n,EL)
14
N(n,EL)
13
C(n,EL)
14
N(n,p)14 C
14
C→14 N
1
H(n,G)2 H
18
O(n,EL)
15
N(n,EL)
14
N(n,G)15 N
12
C(n,G)13 C
17
O(n,EL)
2
H(n,EL)
12
C(n,INL)
14
N(n,α)11 B
18
O(n,α)15 C
15
C→15 N[5298.822]
15
N[5298.822]→15 N
15
C→15 N
15
C→15 N[9049.710]
15
N[9049.710]→15 N
15
C→15 N[8312.620]
15
N[8312.620]→15 N
16
O(n,α)13 C
16
O(n,G)17 O
13
C(n,G)14 C
14
N(n,INL)
p(p,EL)
12
C(p,EL)
17
O(n,α)14 C
13
C(n,INL)
16
O(p,EL)
14
N(n,t)12 C
18
O(n,INL)
18
O(n,G)19 O
19
O→19 F[1554.038]
19
F[1554.038]→19 F
19
O→19 F[197.143]
19
F[197.143]→19 F
19
O→19 F
14
N(p,EL)
17
O(n,INL)
17
O(n,G)18 O
13
C(p,EL)
14
N(p,INL)

Nuclei/s/No.
Target Atoms
7.64 × 10−13
3.63 × 10−13
6.68 × 10−14
6.24 × 10−14
3.90 × 10−15
9.84 × 10−16
3.79 × 10−27
8.85 × 10−16
1.29 × 10−16
1.09 × 10−16
4.52 × 10−17
2.57 × 10−17
2.40 × 10−17
1.51 × 10−17
3.87 × 10−18
3.44 × 10−18
7.41 × 10−19
1.33 × 10−19
1.33 × 10−19
7.77 × 10−20
1.01 × 10−22
1.01 × 10−22
5.04 × 10−23
5.04 × 10−23
7.18 × 10−19
4.71 × 10−19
3.06 × 10−19
2.79 × 10−19
2.21 × 10−19
1.34 × 10−19
1.31 × 10−19
1.34 × 10−19
1.34 × 10−19
1.70 × 10−20
1.34 × 10−20
1.35 × 10−20
2.56 × 10−22
2.56 × 10−22
1.06 × 10−22
1.06 × 10−22
4.84 × 10−24
1.33 × 10−20
2.31 × 10−21
1.95 × 10−21
3.55 × 10−22
1.77 × 10−22

Radioactive
Product
–
–
–
–
–
14
C
–
–
–
–
–
–
–
–
–
–
15
C
15
N[5298.822]
–
–
15
N[9049.710]
–
15
N[8312.620]
–
–
–
–
–
–
–
14
C
–
–
–
–
19
O
19
F[1554.038]
–
19
F[197.143]
–
–
–
–
–
–
–

Decay Type &
Average KE [58]
–
–
–
–
–
β − 156.476 keV
–
–
–
–
–
–
–
–
–
–
β − 9771.706 keV
γ 5297.817 keV
–
–
γ 9046.78 keV
–
γ 8310.15 keV
–
–
–
–
–
–
–
β − 156.476 keV
–
–
–
–
β − 4822.26 keV
γ 1554.0 keV
–
γ 1554.0 keV
–
–
–
–
–
–
–
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Half-Life
–
–
–
–
–
5703.75 yr
–
–
–
–
–
–
–
–
–
–
2.44 s
17 fs [58]
–
–
0.35 fs [58]
–
1.2 fs [58]
–
–
–
–
–
–
–
5703.75 yr
–
–
–
–
25.43 s
3.5 fs [58]
–
89.3 ns [58]
–
–
–
–
–
–
–

Table 5.4: Interactions within Kapton Target resulting from neutron irradiation.
Decay energy and short-lived half-life referenced from [58].
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The simulated production of radioactive products in kapton are shown in figure
5.9 with respect to time. The high production rate of 15 C and 19 O produced by
18
O(n,α)15 C and 18 O(n,G)19 O reactions results in high activity of these radioisotopes. However, both have short-half lives and decay below 1µBq within 1 hour
following irradiation. The other two activated radioisotopes, 14 C and 3 H have a
long half-lives but are not produced in excess.

Figure 5.9: Activity of radioisotopes produced within 1 cm3 of Kapton target
material. Simulated for 1 hour irradiation period with following cool-down.

Figure 5.10: Gamma photons produced by a typical BNCT neutron field in a
kapton target.

The gamma component produced within the kapton target is shown in figure
5.10. The 1 H(n,G)2 H gamma emission at 2223.23 keV has highest intensity. There
are a few gamma pulses that are close together at a similar height; seen at 3677.73
keV and 3683.92 keV due to the prompt gamma of 14 N(n,G)15 N and 12 C(n,G)13 C,
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respectively. If a detector resolution is not sufficient, it may be difficult to discriminate between these two peaks.
The most frequent products in kapton are shown in figure 5.11. Due to the high
neutron cross-section of hydrogen in kapton, the gamma component is the largest
contributor to the number of secondary counts. The continuous proton production
declining down into 5 MeV is mainly due to elastic reactions with other protons or
particles in the material. Included in the proton component is a large peak visible
at 580 keV, due to recoiled protons associated with the 14 N(n,p)14 C reaction.
Production of secondary neutrons with kinetic energy less than 900 keV is primarily due to neutron inelastic interactions with 12 C. Once in its excited state following the collision, 12 C will emit gamma photons in order to return to its ground
state. With any activation of oxygen, there is a low rate of alpha particles produced
with kinetic energy 1456 keV, due to the 17 O(n,α)14 C reaction. The production of
alpha particles is not of radiation protection concern in this case but may contribute
to noise in measurements.

Figure 5.11: Secondary radiation field produced by a typical BNCT neutron
field in a kapton target.

5.6

PMMA Activation

PMMA is a transparent thermoplastic also known as Lucite or Perspex. Due to its
density of 1.18 g/cm3 , PMMA is used as a water equivalent material surrounding
the detector device. PMMA was defined consisting of 8.0538% hydrogen, 59.985%
carbon and 31.961% oxygen composition by weight.
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Reaction
1

H(n,EL)
C(n,EL)
16
O(n,EL)
1
H(n,G)2 H
13
C(n,EL)
18
O(n,EL)
2
H(n,EL)
12
C(n,G)13 C
17
O(n,EL)
12
C(n,INL)
18
O(n,α)15 C
15
C→15 N[5298.822]
15
N[5298.822]→15 N
15
C→15 N
15
C→15 N[8312.620]
15
N[8312.620]→15 N
15
C→15 N[9049.710]
15
N[9049.710]→15 N
15
C→15 N[6323.780]
15
N[6323.780]→15 N
15
C→15 N[8571.400]
15
N[8571.400]→15 N
1
H(p,EL)
16
O(n,α)13 C
16
O(n,G)17 O
13
C(n,G)14 C
17
O(n,α)14 C
14
C→14 N
12
C(p,EL)
16
O(p,EL)
13
C(n,INL)
18
O(n,G)19 O
19
O→19 F[1554.038]
19
F[1554.038]→19 F
19
O→19 F[197.143]
19
F[197.143]→19 F
19
O→19 F
18
O(n,INL)
17
O(n,G)18 O
13
C(p,EL)
17
O(n,INL)
2
H(n,G)3 H
12
C(p,INL)
12

Nuclei/s/No.
Target Atoms
5.55 × 10−13
7.36 × 10−14
2.38 × 10−14
1.13 × 10−15
7.89 × 10−16
4.56 × 10−17
1.09 × 10−17
1.06 × 10−17
8.55 × 10−18
8.51 × 10−19
4.33 × 10−19
7.66 × 10−20
7.66 × 10−20
1.58 × 10−19
5.25 × 10−23
5.25 × 10−23
5.25 × 10−23
5.25 × 10−23
1.75 × 10−23
1.75 × 10−23
1.75 × 10−23
1.75 × 10−23
3.74 × 10−19
2.82 × 10−19
2.71 × 10−19
1.23 × 10−19
8.20 × 10−20
7.95 × 10−31
7.06 × 10−20
2.44 × 10−20
7.65 × 10−21
7.65 × 10−21
1.03 × 10−22
1.03 × 10−22
1.03 × 10−22
1.03 × 10−22
6.98 × 10−24
7.02 × 10−21
1.69 × 10−21
6.90 × 10−22
5.64 × 10−22
3.76 × 10−22
1.25 × 10−22

Radioactive
Product
–
–
–
–
–
–
–
–
–
–
15
C
15
N[5298.822]
–
–
15
N[8312.620]
–
15
N[9049.710]
–
15
N[6323.780]
–
15
N[8571.400]
–
–
–
–
14
C
14
C
–
–
–
–
19
O
19
F[1554.038]
–
19
F[197.143]
–
–
–
–
–
–
–
–

Decay Type &
Average KE [58]
–
–
–
–
–
–
–
–
–
–
β − 9771.706 keV
γ 5297.817 keV
–
–
γ 8310.15 keV
–
γ 9046.78 keV
–
γ 6322.35 keV
–
γ 8568.77 keV
–
–
–
–
β − 156.476 keV
β − 156.476 keV
–
–
–
–
β − 4822.26 keV
γ 1554.0 keV
–
γ 1554.0 keV
–
–
–
–
–
–
–
–

78

Half-Life
–
–
–
–
–
–
–
–
–
–
2.48 s
17 fs [58]
–
–
1.2 fs [58]
–
0.35 fs [58]
–
0.146 fs [58]
–
0.5 fs [58]
–
–
–
–
5676.05 yr
5707.76 yr
–
–
–
–
24.90 s
3.5 fs [58]
–
89.3 ns [58]
–
–
–
–
–
–
–
–

Table 5.5: Interactions within PMMA Target resulting from neutron irradiation.
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Table 5.5 shows the reactions which are occurring within the PMMA target. The
most frequently produced neutron activation is the 1 H(n,G)2 H reaction, due to the
high neutron cross-section of hydrogen in the epithermal energy range. The primary
source of delayed gamma rays is due to the radioactive decay of 15 C, produced by
the 18 O(n,α)15 C reaction. This radionuclide has a short half-life and a multitude
of energy levels in its daughter isotope 15 N, which results in corresponding gamma
energy emissions.
The simulated generation of radioactive products in PMMA is shown in figure
5.12 with respect to time. As seen in the kapton decay model, the only radioisotopes
produced are 15 C, 19 O, 14 C and 3 H. 15 C and 19 O, which decay quickly within an
hour following 1 hour of irradiation. 14 C has a long half-life but is not exceeding
the activity recommendations by the IAEA of 1 × 107 Bq or 1 × 104 Bq/g activity
concentration [60].

Figure 5.12: Activity of radioisotopes produced within 1 cm3 of PMMA target
material. Simulated for 1 hour irradiation period with following cool-down.

Figure 5.13: Gamma photons produced by a typical BNCT neutron field in a
PMMA target.

Production of gamma photons within the PMMA target is shown in figure 5.13.
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The largest peak in the gamma spectrum is the prompt emission at 2223.25 keV by
1
H(n,G)2 H. The three large peaks at 1261.77 keV, 3684.92 keV and 4945.3 keV are
all due to prompt emission produced by 12 C(n,G)13 C.

Figure 5.14: Secondary radiation field produced by a typical BNCT neutron
field in a PMMA target.

The most frequent products in PMMA during neutron irradiation is shown in
figure 5.14. The scattered proton continuum up to 5500 keV is due to elastic interactions with 1 H atoms in water. The high production of 580 keV protons as seen in
kapton is not present in this spectrum due to the absence of nitrogen in the material.
Otherwise, the particle spectrum is similar to that of kapton, except with more oxygen related interactions such as the higher production of electron antineutrinos and
electrons due to 19 O decay. The scattering of nuclei such as 16 O and 12 C occurs at a
high rate, with initial kinetic energies as high as 1000 keV. Production of deuteron
by the thermal capture of 1 H is produced in significant quantities at energies below
200 keV in PMMA, with a maximum energy of 1000 keV.

5.7

RMI457 Activation

RMI457 is a water equivalent polymer used as phantom material. RMI457 is an
ideal water equivalent material as it has a similar density of 1.030 g/cm3 to tissue.
RMI457 was defined by 8.09% hydrogen, 67.22% carbon, 2.40% nitrogen, 19.84%
oxygen, 0.13% chloride and 2.32% calcium. The table of activated nuclei in RMI457
is shown in table 5.6. Due to the amount of data, for clarity the particles deriving
from scattering and the gamma rays from nuclear deexcitation are listed in appendix
table A.1, together with the most rare activated nuclei.
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Reaction

Nuclei/s/No.
Target Atoms
2.77 × 10−13
1.52 × 10−14

Radioactive
Product
–
36
Cl

Cl→36 Ar
36
Cl→36 S
40
Ca(n,G)41 Ca
41
Ca→41 K
12
C(n,G)13 C
14
N(n,G)15 N
35
Cl(n,p)35 S
35
S→35 Cl
44
Ca(n,G)45 Ca
45
Ca→45 Sc
43
Ca(n,G)44 Ca
14
N(n,α)11 B
18
O(n,α)15 C
15
C→15 N
37
Cl(n,G)38 Cl
38
Cl→38 Ar
16
O(n,α)13 C
16
O(n,G)17 O
42
Ca(n,G)43 Ca
13
C(n,G)14 C
40
Ca(n,p)40 K

1.09 × 10−27
2.07 × 10−29
3.04 × 10−15
6.58 × 10−28
2.76 × 10−15
1.66 × 10−15
2.28 × 10−16
2.09 × 10−23
1.40 × 10−16
6.96 × 10−24
1.25 × 10−16
7.81 × 10−17
6.83 × 10−17
1.99 × 10−17
5.27 × 10−17
1.63 × 10−20
4.57 × 10−17
3.98 × 10−17
3.46 × 10−17
3.18 × 10−17
3.09 × 10−17

–
–

40

4.57 × 10−34
6.97 × 10−35
2.57 × 10−17
6.13 × 10−24
1.53 × 10−17
2.07 × 10−20
4.18 × 10−24
1.32 × 10−17
1.26 × 10−25
1.33 × 10−18
3.40 × 10−20
3.29 × 10−19
3.10 × 10−19
2.70 × 10−25
2.56 × 10−19
1.64 × 10−19
3.19 × 10−25
7.64 × 10−31
1.10 × 10−13

–
–

1

H(n,G)2 H
Cl(n,G)36 Cl

35

36

K→40 Ca
40
K→40 Ar
40
Ca(n,α)37 Ar
37
Ar→37 Cl
48
Ca(n,G)49 Ca
49
Ca→49 Sc
49
Sc→49 Ti
17
O(n,α)14 C
14
C→14 N
18
O(n,G)19 O
19
O→19 F
14
N(n,t)12 C
35
Cl(n,α)32 P
32
P→32 S
17
O(n,G)18 O
46
Ca(n,G)47 Ca
47
Ca→47 Sc
47
Sc→47 Ti
2
H(n,G)3 H

41

Ca

–
–
–
35

S

–
45

Ca

–
–
–
15

C

–
38

Cl

–
–
–
–
14
40

37

C
K

Ar

–
49
49

Ca
Sc

–
14

C

–
19

O

–
–
32

P

–
–
47
47

Ca
Sc

–
3
H

Decay Type &
Average KE [58]
–
β − 709.5 keV,
β + 1142.1 keV
–
–
ε 421.66 keV
–
–
–
β − 167.32 keV
–
β − 259.03 keV
–
–
–
β − 9771.706 keV
–
β − 4916.73 keV
–
–
–
–
β − 156.476 keV
β − 1310.89 keV,
β + 1504.40 keV
–
–
ε 813.87 keV
–
β − 5261.18 keV
β − 2001.74 keV
–
β − 156.476 keV
–
β − 4822.26 keV
–
–
β − 1710.66 keV
–
–
β − 1992.18 keV
β − 600.77 keV
–
β − 18.591 keV
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Half-Life
–
3.01×105 yr
–
–
1.02×105 yr
–
–
–
87.51 days
–
160.81 days
–
–
–
2.38 s
–
37.33 min
–
–
–
–
5784.74 yr
1.29×109 yr
–
–
33.68 days
–
8.56 min
57.18 min
–
5702.58 yr
–
27.19 s
–
–
9.22 days
–
–
4.14 days
3.35 days
–
12.32 yr [58]

Table 5.6: Interactions within RMI457 Target resulting from neutron irradiation. Decay energy and short-lived half-life referenced from [58].
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The radioactive products generated in the RMI457 target are shown in figure
5.15 with respect to time. There are many more radioisotopes produced in low
quantities due to the more diverse composition of RMI457.

Figure 5.15: Activity of radioisotopes produced within 1 cm3 of RMI457 target
material. Simulated for 1 hour irradiation period with following cool-down.

Figure 5.16: Gamma photons produced by a typical BNCT neutron field in a
RMI457 target.

The gamma component produced within the RMI457 target is shown in figure
5.16. The relative height of the gamma pulses are difficult to resolve due to the
large amount of Compton scattering occurring. Intense gamma emissions due to
35
Cl(n,G)36 Cl occur at 517.07 keV, 788.43 keV, 1164.86 keV and 6110.84 keV, respectively. Prompt gamma emission by the 40 Ca(n,G)41 Ca reaction produces lines
at 1942.67 keV and 6419.59 keV. The highest peak at 2223.25 is due to 1 H capture.
The most frequent products in RMI457 is shown in figure 5.17. Due to the
high number of hydrogen atoms present in one monomer of RMI457, interactions
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associated with 1 H such as neutron elastic scatter and thermal capture producing
deuteron are dominant. The continuum of protons produced by neutron elastic
scattering is a significant source of secondary particles, as seen in other materials
composed of hydrogen. There is a small proton peak visible at 580 keV due to the
14
N(n,p)14 C reaction. The prompt-gamma emission by 1 H(n,G)2 H reactions which
produces 2223.25 keV gamma photons remains the highest secondary source during
irradiation.

Figure 5.17: Secondary radiation field produced by a typical BNCT neutron
field in an RMI457 target.

Inelastic scattering of 12 C nuclei present in RMI457 is the primary source of
secondary neutrons with kinetic energy less than 1000 keV. The scattered neutrons
by this interaction have mean kinetic energy of 434 keV. A high rate of positrons
are also produced with kinetic energy less than 1000 keV. The positrons are a result of gamma-induced pair production, which can be seen with an accompanying
electron component in this energy range. Even though 35 Cl comprises only 0.13%
of one RMI457 monomer, it was the second most frequent source of neutron activations with a large range of discrete gamma emissions. The neutron cross-section
of 35 Cl(n,G)36 Cl is relatively high with over 383 prompt gamma emission energies,
which resulted in the high rate of the gamma rays produced.
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Silicon Activation

Silicon is generally used in microdosimeters as an insulating substrate and as a sensitive volume within the detector. Table 5.7 shows the reactions which are occurring
within silicon, including the scattering interactions. The majority of interactions are
due to neutron elastic scattering with silicon atoms.
Reaction
28

Si(n,EL)
Si(n,EL)
30
Si(n,EL)
28
Si(n,G)29 Si
30
Si(n,G)31 Si
31
Si→31 P
31
Si→31 P[1266.150]
31
P[1266.150]→31 P
28
Si(n,INL)
29
Si(n,G)30 Si
29
Si(n,INL)
30
Si(n,INL)
28
Si(n,p)28 Al
28
Al→28 Si[1779.030]
28
Si[1779.030]→28 Si
28
Si(n,α)25 Mg
29
Si(n,α)26 Mg
29
Si(n,p)29 Al
29
Al→29 Si[1273.387]
29
Si[1273.387]→29 Si
29
Al→29 Si[2425.970]
29
Si[2425.970]→29 Si
29
Al→29 Si[2028.160]
29
Si[2028.160]→29 Si
29

Nuclei/s/No.
Target Atoms
4.75 × 10−14
3.16 × 10−15
2.03 × 10−15
2.19 × 10−16
4.40 × 10−17
3.23 × 10−21
1.72 × 10−24
1.72 × 10−24
2.64 × 10−17
1.15 × 10−17
2.67 × 10−18
7.46 × 10−19
3.16 × 10−19
1.58 × 10−21
1.58 × 10−21
7.57 × 10−20
3.50 × 10−20
2.08 × 10−20
3.31 × 10−23
3.31 × 10−23
2.65 × 10−24
2.65 × 10−24
1.27 × 10−24
1.27 × 10−24

Radioactive
Product
–
–
–
–
31
Si
–
31
P[1266.150]
–
–
–
–
–
28
Al
28
Si[1779.030]
–
–
–
29
Al
29
Si[1273.387]
–
29
Si[2425.970]
–
29
Si[2028.160]
–

Decay Type &
Average KE [58]
–
–
–
–
β − 1491.505 keV
–
γ 1266.1 keV
–
–
–
–
–
β − 4642.356 keV
γ 1778.969 keV
–
–
–
β − 3690.417 keV
γ 1273.361 keV
–
γ 2425.73 keV
–
γ 2028.09 keV
–

Half-Life
–
–
–
–
9425.33 s
–
0.523 ps [58]
–
–
–
–
–
138.42 s
475 fs [58]
–
–
–
389.61 s
291 fs [58]
–
18.1 fs [58]
–
306 fs [58]
–

Table 5.7: Interactions within Silicon Target resulting from neutron irradiation.
Decay energy and short-lived half-life referenced from [58].

The simulated production of radioactive products in Silicon is shown in figure
5.18. There are three radioisotopes that are produced at a high rate; 31 Si, 28 Al and
29
Al. 28 Al and 29 Al are produced in large quantities, but both decay below 1µBq
within 4 hours. 31 Si has a production rate high enough that it will reach just below
1 × 105 Bq of activity after 1 hour of constant neutron irradiation. 31 Si activity
of 1 × 106 Bq or 1 × 103 Bq/g is the limit to which the presence of this isotope
activity concentration is of ’moderate’ concern [60]. For the activated 31 Si to reach
this limit, it would need to be under constant irradiation for 43226.66 sec, or 12
hours, with a cool-down of approximately 104.48 hours to decay below 1µBq. The
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cool-down of
below 1µBq.

31
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Si after 1 hour irradiation takes approximately 92.86 hours to decay

Figure 5.18: Activity of radioisotopes produced within 1 cm3 of Silicon target
material. Simulated for 1 hour irradiation period with following cool-down.

Figure 5.19: Gamma photons produced by a typical BNCT neutron field in a
silicon target.

The gamma component produced in the silicon target is shown in figures 5.19.
There are increased gamma ray counts in the lower energy range compared to previous targets due to a higher probability of scatter interactions. The most frequent
products in silicon during neutron irradiation are shown in figure 5.20. The electron
component is much higher than seen in other material types so far, with accompanied generation of electron antineutrinos due to 31 Si decay.
The high rate of gamma emissions due to thermal capture in silicon results
in a large number of electrons and positrons produced by pair production. The
majority of pair production events are induced by the gammas associated with the
28
Si(n,G)29 Si reaction. High energy electrons produced by pair production which
derive from this reaction have a 33.8% probability of leaving the target volume.
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Figure 5.20: Secondary radiation field produced by a typical BNCT neutron
field in a silicon target.

When such electrons deposit their energy in the silicon detector, they contribute
significantly to background noise.
The calculated production of alpha particles is due to 28 Si(n,α)25 Mg and 29 Si(n,α)26 Mg
reactions. The initial energy of these alpha particles ranges between 1400 keV and
2400 keV, which is comparable to the 1470 keV and 1770 keV alpha particles associated with BNCT.
Neutrons have high inelastic scattering probability when interacting with 28 Si,
29
Si and 30 Si. Such neutron scattering contributes to further neutron activations
within the silicon target, which should be limited.
28

Si(n,p)28 Al and 29 Si(n,p)29 Al produce recoil protons with energy of approximately 1312 and 2050 keV, respectively. Such recoiled protons may generate background noise in the signal of the sensitive detector.

5.9

Silicon Dioxide Activation

In silicon microdosimetry, Silicon Dioxide is used as an electronic insulator for passivation. The simulated production of radioactive products in Silicon Dioxide is
shown in figure 5.21 with respect to time.
There are six radioisotopes produced in Silicon Dioxide; 14 C, 15 C, 28 Al, 29 Al,
19
O and 31 S. 28 Al, 15 C and 19 O are produced in large quantities, but all decay below
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1µBq within 2 hours. 29 Al takes just over 4 hours to decay below 1µBq. As seen in
the silicon target material, 31 Si is produced in large quantities, steadily reaching the
’moderate’ activity concentration limit recommended by the IAEA of 1 × 106 Bq or
1 × 103 Bq/g [60]. Due to the lower amount of silicon present, it will take 21.6 hours
to reach this limit, with a cool-down of 104.48 hours. The cool-down of 31 Si after 1
hour irradiation takes approximately 100 hours to decay below 1µBq.

Figure 5.21: Activity of radioisotopes produced within 1 cm3 of Silicon Dioxide
target material. Simulated for 1 hour irradiation period with following cool-down.

The gamma component produced in the Silicon Dioxide target is shown in figure
5.22. Due to the relatively high nuclear cross sections of 3538 keV and 4934 keV
28
Si thermal captures, the 2223 keV 1 H gamma peak is not visible.

Figure 5.22: Gamma photons produced by a typical BNCT neutron field in a
silicon dioxide target.

Table 5.8 shows the reactions which are occurring within the silicon dioxide.
Scattering interactions are omitted and are included in the appendix table A.2.
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Reaction
28

Si(n,G)29 Si
Si(n,G)31 Si
31
Si→31 P
31
Si→31 P[1266.150]
31
P[1266.150]→31 P
29
Si(n,G)30 Si
16
O(n,α)13 C
18
O(n,α)15 C
15
C→15 N[5298.822]
15
N[5298.822]→15 N
15
C→15 N
15
C→15 N[8312.620]
15
N[8312.620]→15 N
15
C→15 N[9049.710]
15
N[9049.710]→15 N
15
C→15 N[8571.400]
15
N[8571.400]→15 N
16
O(n,G)17 O
28
Si(n,p)28 Al
28
Al→28 Si[1779.030]
28
Si[1779.030]→28 Si
17
O(n,α)14 C
14
C→14 N
28
Si(n,α)25 Mg
29
Si(n,α)26 Mg
18
O(n,G)19 O
19
O→19 F[1554.038]
19
F[1554.038]→19 F
19
O→19 F[197.143]
19
F[197.143]→19 F
19
O→19 F
29
Si(n,p)29 Al
29
Al→29 Si[1273.387]
29
Si[1273.387]→29 Si
29
Al→29 Si[2425.970]
29
Si[2425.970]→29 Si
29
Al→29 Si[2028.160]
29
Si[2028.160]→29 Si
30

Nuclei/s/No.
Target Atoms
3.13 × 10−17
7.50 × 10−18
5.51 × 10−22
2.78 × 10−25
2.78 × 10−25
1.64 × 10−18
2.97 × 10−19
2.17 × 10−19
3.89 × 10−20
3.89 × 10−20
2.20 × 10−20
2.47 × 10−23
2.47 × 10−23
2.47 × 10−23
2.47 × 10−23
9.90 × 10−24
9.90 × 10−24
1.51 × 10−19
4.49 × 10−20
2.30 × 10−22
2.30 × 10−22
3.98 × 10−20
1.55 × 10−31
1.20 × 10−20
5.18 × 10−21
3.22 × 10−21
5.30 × 10−23
5.30 × 10−23
3.62 × 10−23
3.62 × 10−23
4.08 × 10−24
3.14 × 10−21
4.89 × 10−24
4.89 × 10−24
2.63 × 10−25
2.63 × 10−25
5.85 × 10−26
5.85 × 10−26

Radioactive
Product
–
31
Si
–
31
P[1266.150]
–
–
–
15
C
15
N[5298.822]
–
–
15
N[8312.620]
–
15
N[9049.710]
–
15
N[8571.400]
–
–
28
Al
28
Si[1779.030]
–
14
C
–
–
–
19
O
19
F[1554.038]
–
19
F[197.143]
–
–
29
Al
29
Si[1273.387]
–
29
Si[2425.970]
–
29
Si[2028.160]
–

Decay Type &
Average KE [58]
–
β − 1491.505 keV
–
γ 1266.1 keV
–
–
–
β − 9771.706 keV
γ 5297.817 keV
–
–
γ 8310.15 keV
–
γ 9046.78 keV
–
γ 8568.77 keV
–
–
β − 4642.356 keV
γ 1778.969 keV
–
β − 156.476 keV
–
–
–
β − 4822.26 keV
γ 1554.0 keV
–
γ 1554.0 keV
–
–
β − 3690.417 keV
γ 1273.361 keV
–
γ 2425.73 keV
–
γ 2028.09 keV
–
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Half-Life
–
9435.88 s
–
0.523 ps [58]
–
–
–
2.47 s
17 fs [58]
–
–
1.2 fs [58]
–
0.35 fs [58]
–
0.5 fs [58]
–
–
135.45 s
475 fs [58]
–
5707.76 yr
–
–
–
23.95 s
3.5 fs [58]
–
89.3 ns [58]
–
–
417.44 s
291 fs [58]
–
18.1 fs [58]
–
306 fs [58]
–

Table 5.8: Interactions within Silicon Dioxide Target resulting from neutron
irradiation. Decay energy and short-lived half-life referenced from [58].

The most frequent products in silicon dioxide are shown in figure 5.23. As
seen with the silicon target, there is a large continuum of electrons and positrons
produced as a result of pair production induced by gamma emission following 29 Si
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Figure 5.23: Secondary radiation field produced by a typical BNCT neutron
field in a silicon dioxide target.

thermal capture. Neutron inelastic scattering has a high cross section in 28 Si, 29 Si
and 30 Si. Electron antineutrinos are seen with two sources: between 8 - 1496 keV
due to 31 Si decay and between 239 - 9696 keV, due to 15 C decay. Recoil protons
with resulting average energy of 1312 keV, are produced in silicon dioxide due to
the 28 Si(n,p)28 Al reaction.
The addition of oxygen into the target material results in a high number of alphas
produced by 16 O(n,α)13 C reactions. These total alphas produced have kinetic energy
between 800 and 2800 keV, which may be undesirable for BNCT applications where
alphas are produced with similar energy.

5.10

Water Activation

Table 5.9 shows the reactions which occur within a water target when irradiated
by epithermal neutrons. The main interaction type is neutron elastic scattering
with oxygen and hydrogen atoms. The main activation type occurring is from the
1
H(n,G)2 H thermal neutron capture due to the high neutron cross-section of 1 H for
this reaction. Neutron irradiation of water does not yield many radioactive products,
as seen in activity production models.
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Reaction
1

H(n,EL)
O(n,EL)
1
H(n,G)2 H
18
O(n,EL)
2
H(n,EL)
17
O(n,EL)
18
O(n,α)15 C
15
C→15 N[5298.822]
15
N[5298.822]→15 N
15
C→15 N
15
C→15 N[9049.710]
15
N[9049.710]→15 N
15
C→15 N[8312.620]
15
N[8312.620]→15 N
15
C→15 N[6323.780]
15
N[6323.780]→15 N
15
C→15 N[7300.830]
15
N[7300.830]→15 N
15
C→15 N[8571.400]
15
N[8571.400]→15 N
16
O(n,G)17 O
16
O(n,α)13 C
17
O(n,α)14 C
14
C→14 N
18
O(n,G)19 O
19
O→19 F[1554.038]
19
F[1554.038]→19 F
19
O→19 F[197.143]
19
F[197.143]→19 F
19
O→19 F
18
O(n,INL)
17
O(n,G)18 O
17
O(n,INL)
16
O(p,G)17 F
17
F→17 O
2
H(n,G)3 H
16

Nuclei/s/No.
Target Atoms
1.36 × 10−13
1.16 × 10−14
3.13 × 10−16
2.23 × 10−17
2.23 × 10−17
4.18 × 10−18
2.39 × 10−19
4.30 × 10−20
4.30 × 10−20
2.48 × 10−20
4.05 × 10−23
4.05 × 10−23
2.58 × 10−23
2.58 × 10−23
7.37 × 10−24
7.37 × 10−24
7.37 × 10−24
7.37 × 10−24
7.37 × 10−24
7.37 × 10−24
1.48 × 10−19
1.40 × 10−19
4.48 × 10−20
1.72 × 10−31
5.57 × 10−21
6.51 × 10−23
6.51 × 10−23
5.61 × 10−23
5.61 × 10−23
3.78 × 10−24
2.97 × 10−21
9.91 × 10−22
5.44 × 10−22
1.30 × 10−23
9.64 × 10−25
5.18 × 10−23

Radioactive
Product
–
–
–
–
–
–
15
C
15
N[5298.822]
–
–
15
N[9049.710]
–
15
N[8312.620]
–
15
N[6323.780]
–
15
N[7300.830]
–
15
N[8571.400]
–
–
–
14
C
–
19
O
19
F[1554.038]
–
19
F[197.143]
–
–
–
–
–
17
F
–
3
H

Decay Type &
Average KE [58]
–
–
–
–
–
–
β − 9771.706 keV
γ 5297.817 keV
–
–
γ 9046.78 keV
–
γ 8310.15 keV
–
γ 6322.35 keV
–
γ 7298.92 keV
–
γ 8568.77 keV
–
–
–
β − 156.476 keV
–
β − 4822.26 keV
γ 1554.0 keV
–
γ 1554.0 keV
–
–
–
–
–
β + 2760.465 keV
–
β − 18.591 keV
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Half-Life
–
–
–
–
–
–
2.44 s
17 fs [58]
–
–
0.35 fs [58]
–
1.2 fs [58]
–
0.146 fs [58]
–
0.42 fs [58]
–
0.5 fs [58]
–
–
–
5706.82 yr
–
30.90 s
3.5 fs [58]
–
89.3 ns [58]
–
–
–
–
–
64.49 sec
–
12.32 yr [58]

Table 5.9: Interactions within water Target resulting from neutron irradiation.
Decay energy and short-lived half-life referenced from [58].

The simulated generation of radioactive products in water is shown in figure
5.24 with respect to time. There are four radioisotopes produced; 14 C, 15 C, 19 O
and 17 F. All of these except 14 C decay below 1µBq within 1 hour after irradiation,
making their high rate of production not a concern.
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Figure 5.24: Activity of radioisotopes produced within 1 cm3 of Water target
material. Simulated for 1 hour irradiation period with following cool-down.

The gamma component produced in the water target is shown in figure 5.25.
The gamma spectrum includes the scatter component, which displays a large peak at
5300 keV. This gamma source is a delayed emission due to the 18 O(n,α)15 C reaction,
which is emitted during the decay from excited state 15 N[5298.822 keV] to ground
state of 15 N.

Figure 5.25: Gamma photons produced by a typical BNCT neutron field in a
water target.

The most frequent products in water material are shown in figure 5.26. The
highest rate of activation is from prompt-gamma emission, with the discrete energy
of 2223.25 keV resulting from 1 H(n,G)2 H thermal capture, which occurs at a modest
3.13×10−16 nuclei/sec per number of water molecules. The characteristic shape seen
in the electron component below 2000 keV is due to Compton interactions, exhibited
by neutron capture prompt gamma rays.
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Figure 5.26: Secondary radiation field produced by a typical BNCT neutron
field in a water target.

Production of scattered protons and 16 O nuclei in water molecules also occurs
at a significant rate. The large number of alpha particles produced with average
kinetic energy of 1456 keV are due to 17 O(n,α)14 C reaction by thermal neutrons. The
presence of alpha particles in this energy will be noted for future analysis involving
water irradiation by an epithermal source. The large continuum of electrons and
electron antineutrinos with energy less than 1200 keV are due to the radioactive
decay of 15 C, which was produced at a moderate rate of 2.39 × 10−19 nuclei/sec per
number of water molecules.

5.11

Discussion

This chapter presented the results of a Geant4 simulation developed for evaluating
the types of reactions produced within a set of target materials during neutron
irradiation. The simulations have shown that it is possible to create a simplified
model for target material activation analysis. The use of an ancestry chain to
track the parent particles and their secondary daughters allows for accurate reaction
scoring within the target and identification of otherwise unknown sources.
In many BNCT facilities, aluminium wire or foils are used to determine primary
neutron beam flux due to its low neutron absorption cross-section and rapid decay of
induced activity [52]. There is some concern with using aluminium as the presence
of trace impurities, can result in production of long-lived nuclei. Such undesired
impurities are elements with high neutron cross sections such as boron and cadmium,
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or those with resulting long half lives, such as cobalt and iron [52].
The simulation performed here has modelled pure aluminium, which presented
a relatively short-half life for all radioisotopes produced. The high rate of gamma
photons in aluminium resulted in localised electron showers within the target material. As aluminium is used as the conductive material to carry electronic signal,
the additional production of low energy background electrons may result in a high
level of noise during operation.
Diamond was shown to be a relatively stable material during epithermal neutron
irradiation, with the only activation being the thermal capture of 13 C with resulting
14
C. It was calculated that a unit volume of diamond would require over 1 × 106
years of constant irradiation by an epithermal source to reach 14 C activity of 1 × 107
Bq. The elastic scattering of 12 C by neutrons in diamond occurred frequently, which
may pose an issue if large quantities of diamond were used in a detector.
Due to the stability of diamond in an epithermal field, it makes a suitable
material choice for quality assurance microdosimetry using these neutron energies.
For energies higher than 5.8 MeV, the production of 9 Be and alpha particles from the
fast-neutron reaction, 12 C(n,α)9 Be, becomes too high [20]. Higher energies would
also be accompanied by increased gamma emissions by inelastic scatter. Depending
on the thickness of diamond used in a detector, there may be increased noise by
the high rate of 12 C scatter. The simulation shows that recoiled 12 C with kinetic
energy as high as 1500 keV was produced at a rate of 1 × 10−21 nuclei/sec for each
carbon atom in the target. An increased thickness of diamond may maximise the
useful energy deposition recorded but may also result in increased noise by scattered
carbon nuclei.
Detector-grade diamonds can be grown using chemical vapour deposition (CVD)
techniques with high purity, but may contain impurities such as nitrogen, hydrogen,
silicon or boron which becomes trapped in the crystal lattice during formation [43].
Typical methods of contaminant detection include infrared crystal spectroscopy. As
the rate of epithermal activations in diamond is low, neutron activation analysis
could be used to determine the trace contaminants present after synthetic diamond
growth. Given a sufficient neutron flux, concentration of impurities can be detected
at parts-per-billion sensitivity by neutron activation.
Graphite is typically used in microdosimeters as contacts on a terminal connection, which has a low presence in the detector. As with diamond, it was shown to
be a stable material during epithermal irradiation, producing few gamma emissions
by thermal capture. This result makes it suitable for use in epithermal neutron
applications.
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Polyimide materials such as kapton are favoured for use as microelectronic backing support due to their thermal strength and radiation resistance. The most frequent neutron interactions in kapton were due to elastic scattering of protons present
in hydrogen. There is a high production of protons in the sub-MeV range, such as
the recoiled 580 keV proton from the 14 N(n,p)14 C reaction. As the amount of kapton
used in electronics is small, it is a suitable choice for use in an epithermal field.
The study of neutron activation in PMMA is particularly important, given that
large volumes of this material are used in phantom studies. As observed with kapton,
which has a similar composition, the largest contribution to secondary production is
due to the presence of hydrogen. Radioisotopes such as 15 C and 19 O were produced at
a high rate but decayed below 1 µBq within 2 hours following 1 hour of irradiation
by the epithermal source. Production of deuteron by the thermal capture of 1 H
was produced in significant quantities at energies below 200 keV in PMMA, with
a maximum of 1000 keV. The projected range of a 200 keV deuteron particle in
PMMA is 2.27 µm and 14.64 µm for 1000 keV [61]. Provided the results obtained in
this work, the use of PMMA in BNCT phantom studies would be a suitable choice
given its low radioisotope production.
RMI457 has a more heterogeneous composition, allowing it to have approximate
water-equivalent density of 1.030 g/cm3 . Although chlorine only composes 0.13%
of one RMI457 monomer, the high neutron cross-section of 35 Cl results in the high
production rate of radioactive 36 Cl. Neutron elastic scattering with protons in hydrogen and 12 C nuclei in carbon also occurs at a high rate in RMI457. As stated
earlier, even small traces of elements which have high neutron cross-sections can
result in a large production of gamma photons and radioisotopes of radioprotection
concern. For these reasons, it is recommended that RMI457 is avoided as a material
choice in phantom studies using an epithermal neutron source.
The high rate of gamma photons produced in silicon leads to pair production. High energy electrons produced by pair production gammas deriving from
the 28 Si(n,G)29 Si reaction were calculated with a 33.8% probability of leaving the
world volume, which may contribute to energy deposition in another component
of the detector. The inelastic scattering of silicon nuclei results in a large number
of secondary neutrons produced in the silicon material of energies up to 4000 keV.
It was observed that these secondary neutrons produced further activations inside
the silicon target, which is undesirable as there will be increased starters inside the
sensitive volume.
Production of magnesium nuclei by the 28 Si(n,α)25 Mg and 29 Si(n,α)26 Mg reactions result in high energy alpha particles which are absorbed by the silicon target.
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The average kinetic energy of the alpha particles is about 1800 keV, which has a
projected range in silicon of 6.44 µm. These particles may produce background noise
in the BNCT microdosimetric spectra for a silicon-based detector.
The production of protons in the silicon material between energies 750 and 2400
keV occurs in the energy region of interest for BNCT, which produces background
noise in the microdosimeter signal. The range of a proton produced with this energy has a projected range of approximately 15 - 30 µm in silicon, which could
deposit all of its energy within the sensitive volume. This issue will be discussed
later on, when silicon and diamond based microdosimeters are compared for BNCT
applications.
Silicon dioxide presents a similar result to the silicon target. The addition of
oxygen into the material results in a significant production of high energy recoil
alpha particles by 16 O(n,α)13 C reactions. These alpha particles have an average
kinetic energy of 1886 keV. Such production is accompanied by the magnesium activation, which results in a large contribution of alpha particles with energy between
800 and 2800 keV. Given the close proximity of silicon dioxide to the SVs in the
Bridge microdosimeter, such alpha particles may produce a background undesirable
signal.
The neutron activation study of water was performed mainly to aid with the
identification of reactions in further simulations. The most frequent interactions
were the neutron elastic scatter of 1 H and 16 O nuclei, followed by the thermal capture
of 1 H. High rates of recoil alphas with kinetic energy of 1456 keV are produced by
the 17 O(n,α)14 C reaction. The projected range of an alpha in this energy range is
approximately 7.7 µm in water, which should be noted for future analysis.
In conclusion, silicon or diamond microdosimetry do not pose a significant concern in terms of radiation protection. However, the production of secondary nuclear
recoils can contribute to the background noise in the detector. This must be taken
into account.

Chapter 6
Microdosimetric Response
Characterisation of Silicon Bridge:
Simulation Results
6.1

Silicon Bridge Microdosimetric Response in
BNCT Radiation Field

Figure 6.1 shows the microdosimetric spectrum of the Bridge microdosimeter in the
99% 10 B concentrated tumour. The mean chord length of all silicon results have
been scaled by 0.56, which is a suitable geometric factor to convert the response
from silicon to water [38].

Figure 6.1: Microdosimetric spectrum of silicon Bridge microdosimeter in 99%
10 B concentrated tumour. The neutron beam has radius of 0.5mm.

There are three major peaks present: between 0.1 - 0.2 keV/µm, centred at 30
keV/µm and at 80 keV/µm. The first is due to the electrons arising from interaction
96
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of the 0.48 MeV gamma emission following 10 B capture, the second is by 7 Li stoppers
and the third is due to alpha stoppers. The alpha component of the microdosimetric
spectrum is shown in 6.2. Alpha particles are mainly stoppers in the silicon SV. 7 Li
nuclei are entirely stoppers, which is not ideal for microdosimetry.

Figure 6.2: Microdosimetric spectrum of silicon Bridge microdosimeter in 99%
10 B concentrated tumour - Alpha Component of the microdosimetric spectrum.
The neutron beam has radius of 0.5mm.

Figure 6.3 shows the microdosimetric spectrum for 0ppm 10 B concentration in
the tumour volume. Neutron scattering with water molecules leads to a high amount
of protons entering the SVs, producing the large peak at 30 keV/µm. Protons are
mainly stoppers in the silicon SV.

Figure 6.3: Microdosimetric spectrum of silicon Bridge microdosimeter in the
case of no boron in the phantom. The neutron beam has radius of 0.5mm.

Figure 6.4 shows the microdosimetric spectrum for a 25ppm 10 B concentration
in the tumour volume. All alpha particles in this case are stoppers in the SVs. As
expected, the number of alpha particles reaching the silicon SV is a lot smaller than
in the case of 99% 10 B.
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Figure 6.4: Microdosimetric spectrum of silicon Bridge microdosimeter in
25ppm 10 B concentrated tumour. The neutron beam has radius of 0.5mm.

The projected range of 1.5 MeV and 1.8 MeV alpha particles in silicon is 5.26
µm and 6.44 µm, respectively [61]. As both of these ranges are smaller than the SV
mean chord length of 12 µm, the Bridge microdosimeter design is not suitable for
BNCT applications as all the alpha particles are stoppers. Thinner SVs are required
in order to have BNC products crossing the SV.
In the case of the Bridge microdosimeter, the detection efficiency of BNC alpha
is 0.011% for a 25ppm 10 B concentration. For a realistic clinical case, 1.74 × 10−4
BNC reactions per incident neutron are produced. The number of detected alpha
particles would be 1.91×10−8 per incident neutron, corresponding to about 100 alpha
particles per sec per cm2 . With a neutron beam of 0.5mm radius, this corresponds
to 0.75 alpha counts per sec. For a treatment time of 30 minutes, the number
of alpha counts would be about 1300 per sec. While this number of counts seem
promising, it is valid for a limited radius of the neutron beam, which is not used in a
clinical environment. This first study shows the necessity to increase the number of
BNCT reactions close to the microdosimeter, to make it a usable quality assurance
tool.
The largest contributor to background noise is due to elastically scattered protons from the surrounding water volume, and also silicon nuclei produced by neutron
elastic scattering. The largest source of starters is due to scattered 28 Si, 29 Si and
30
Si nuclei, which also stop in the sensitive volumes.
In regard to radioactive activations, the production of 31 Si was noted as a concern back in the activation study of silicon. Because of this observation, it was
decided to study to neutron activation of silicon in the realistic model of the Bridge
microdosimeter. Neutron activation of radioactive 31 Si by the thermal capture reaction 30 Si(n,G)31 Si occurs at a rate of 2.46 × 10−8 per incident neutron in the SVs
and a total 7.87 × 10−7 per incident neutron in the entire detector. This is due to
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the large amount of silicon used on the backing insulator of the device. Considering
the neutron flux of the Tokai source and number of 31 Si activations per silicon atoms
present in the detector, the device would need to be irradiated for 302.01 hours to
reach the IAEA ’moderate’ concern limit of 1 × 106 Bq. Following this irradiation
period, this level of radioactivity would take 104.37 hours to decay below 1 µBq
activity.

Chapter 7
Improvement of Silicon and
Diamond microdosimeter designs
for BNCT: Simulation Results
7.1

Improvement of the Silicon Microdosimeter
design

As shown in the previous chapter, alpha particles and lithium nuclei are all stoppers in the Bridge microdosimetric design. From such results, it was decided to
study the microdosimeter response with a new concept of silicon SV which has a
reduced thickness of 0.1 µm in the direction of incidence to the beam. It would also
be advantageous to have a microdosimeter design for which it is easier to distinguish the BNC response component. This would enable an easier quality assurance
methodology for BNCT. Such thickness has been chosen to increase the number of
crossers. The range in silicon of the 1.47 MeV alpha particles and 0.84 MeV 7 Li
nuclei produced by BNC are 5.26 µm and 2.46 µm, respectively [61].
The silicon detector is modelled as a bare silicon SV without any contact, substrate, etc. The microdosimetric spectra are shown in figures 7.1, 7.2 and 7.3, for
10
B concentrations of 0%, 99% and 25ppm, respectively. The incident neutron beam
has a radius of 0.5 mm.
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Figure 7.1: Microdosimetric spectra obtained with 0.1 µm thick silicon SV in the case of no boron in
the phantom.
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Figure 7.2: Microdosimetric spectra obtained with 0.1 µm thick silicon SV in the case of 99% 10 B boron
in the phantom.

The neutron activation rate is lower in 0.1 µm thick silicon sensitive volumes,
which results in a microdosimetric spectrum with less noise. Major background
sources are due to scattered 28 Si, 29 Si and 30 Si, which stop within the silicon SV.

Figure 7.3: Microdosimetric spectra obtained with 0.1 µm thick silicon SV in
the case of 25ppm 10 B boron in the phantom.

For the 25ppm 10 B concentration shown in figure 7.3, there are two major peaks
visible at approximately 10 keV/µm and 100 keV/µm. The first is due to elastically
scattered protons and the second is due to alpha and 7 Li crossers. The majority of
protons detected in the silicon SVs are stoppers. The proton peak spread results
in some super-positioning, causing the BNC peak to change shape in the lower
energies. For this thickness of detector, alpha particles and 7 Li nuclei are mostly
crossers.
Even though 7 Li and alpha particles are produced at a similar rate, the number
of 7 Li entering the SV is 4 times less than that of alpha particles. This is due to the
short range of 7 Li in water compared to alpha particles, which would only result in
an interaction with silicon if the BNC event occurred a few micron away and the
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product had a trajectory towards the SV.
The microdosimetric spectrum obtained with 0.1 µm thick silicon SV using a
wider 3.2 mm radius neutron beam is shown in figure 7.4. The simulations were
executed doubling the number of incident neutrons to achieve adequate statistics.
Such neutron beam radius was chosen to achieve the total coverage of the neutron
beam on the tumour cross section. As expected, the microdosimetric response is
similar to that obtained in the case of a narrower beam, but with less number of
recorded events.

Figure 7.4: Microdosimetric spectra obtained with 0.1 µm thick silicon SV in
the case of 25ppm 10 B concentration in the phantom. The neutron beam has
radius of 3.2mm.

The simulation was repeated with the silicon SV thickness increased to 1 µm
in the direction of beam incidence. The microdosimetric spectra of 1 µm thick
silicon SVs for 0%, 99% and 25ppm 10 B concentration are shown in 7.5, 7.6 and 7.7,
respectively. The incident neutron beam has a radius of 0.5 mm.

(a) Total

(b) Proton Component

Figure 7.5: Microdosimetric spectra obtained with 1 µm thick silicon SV in the
case of no boron in the phantom.

Compared with the 0.1 µm thick silicon SV in the case of 0ppm 10 B, there are
additional sources interacting with the SV that are not due to proton, alpha or 7 Li.
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The additional high energy peaks between 5 and 30 keV/µm are due to scattered
28
Si, 29 Si and 30 Si which stop in the sensitive volume.
For the case of 99% 10 B concentration in the tumour volume, as shown in figure
7.6, 7 Li nuclei are all stoppers and alpha particles are mostly crossers in the SV.
The rate of energy deposition within the sensitive volume by BNC products is higher
than that of the thinner silicon, but has its peak skewed by the stoppers. The alpha
crossers contribute to most of the BNC peak seen at approximately 100 keV/µm.
The small peak at 1 keV/µm is due to electrons which derive from the 0.48 MeV
gamma associated with the BNC reaction.

(a) Total

(b) Alpha Component

Figure 7.6: Microdosimetric spectra obtained with 1 µm thick silicon SV in the
case of 99% 10 B concentration in the phantom.

Figure 7.7 shows the microdosimetric spectra in the case of 25ppm 10 B concentration in the tumour volume. The energy deposition of protons is a major
contributor. Compared with the thinner silicon SV, the BNC peak can be more
easily detected with respect to the response component due to protons. This result indicates that 1 µm thick silicon SV is better suited for the detection of BNC
products.

Figure 7.7: Microdosimetric spectra obtained with 1 µm thick silicon SV in the
case of 25ppm 10 B concentration in the phantom.
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As expected, the increased thickness has resulted in a higher contribution of
alpha stoppers (see figure 7.6b). The majority of stopping protons in the SV are
due to neutron elastic scatter with the water layer where the sensitive volumes
are buried in. There is a low rate of 31 Si being produced by neutron capture, at
4.18×10−9 per incident neutron, which is relatively low compared to the silicon
Bridge microdosimeter. The other major source of starters in the silicon SV is due
to prompt gammas produced by neutron capture of the isotopes of silicon, with most
of these gammas escaping from the SV.
Figure 7.8 shows the microdosimetric spectra obtained using 1 µm thick silicon
sensitive volumes with the wider 3.2 mm radius neutron beam in the case of 25ppm
10
B concentration in the tumour volume. In this case, there is a slight increase of
alpha stoppers in the lower lineal energy region of the BNC peak. This may be
due to alpha particles entering a SV at such a trajectory that the chord length is
greater than its range. The increased rate of neutron elastic scatter with water
molecules has resulted in a larger contribution of crossing protons to the total dose
per event.

Figure 7.8: Microdosimetric spectra obtained with 1 µm thick silicon SV in the
case of 25ppm 10 B concentration in the phantom. The neutron beam has radius
of 3.2mm.

The simulations were repeated with the silicon SV thickness increased to 10 µm
in the direction of beam incidence. This is the same thickness SV as the Bridge
microdosimeter. The microdosimetric spectra of 10 µm thick silicon SVs for 0%,
99% and 25ppm 10 B concentration with the narrower beam are shown in 7.9, 7.10
and 7.11, respectively.
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(b) Proton Component

Figure 7.9: Microdosimetric spectra obtained with 10 µm thick silicon SV in
the case of no boron in the phantom.

In comparison to the thinner silicon volumes, it is difficult to identify the response coming from BNC events. The increased thickness of silicon SVs results in a
higher rate of scattering and neutron activation in the silicon material. This translates in a higher contribution of the low lineal energy events in the microdosimetric
spectra. Elastically scattered 28 Si, 29 Si and 30 Si nuclei are responsible for the higher
lineal energy peaks. The silicon nuclei all stop in the SV and have a lineal energy
similar to the one produced by protons. Production of electrons from ionisation and
Compton scattering occurs at a higher rate in the 10 µm thick silicon, represented
by the lower lineal energy peaks.
Figure 7.10 shows the microdosimetric spectra in the case of 99% 10 B concentration in the tumour volume. The response component due to alpha is deriving
almost entirely from stoppers. As these particles have their final position inside the
silicon SV, their energy deposition results in a lower lineal energy.

(a) Total

(b) Alpha Component

Figure 7.10: Microdosimetric spectra obtained with 10 µm thick silicon SV in
the case of 99% 10 B concentration in the phantom.

Figure 7.11 shows the microdosimetric spectra in the case of 25ppm 10 B concentration in the tumour volume. The contribution by protons in the same lineal
energy region as alpha stoppers produces a convoluted microdosimetric spectrum.
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This is not ideal when intending to distinguish different charged particle components
in the detector response. In comparison with the Bridge microdosimeter, which has
the same sensitive volume dimensions and spacing, the amount of low lineal energy
events is much higher. This is due to scattered protons from the water layer surrounding the SVs. Alpha particles are entering the sensitive volumes at a much
higher rate than that of the Bridge detector, due to the absence of attenuating materials covering the top of the volumes. The activation of radioactive 31 Si occurs
at a rate of 1.23 × 10−8 per incident neutron, which is comparable to the Bridge
microdosimeter rate of 2.46 × 10−8 per incident neutron.

Figure 7.11: Microdosimetric spectra obtained with 10 µm thick silicon SV in
the case of 25ppm 10 B concentration in the phantom.

The microdosimetric spectra for 10 µm thick silicon SVs in the case of 25ppm
10
B in the tumour volume with the wider beam applied is shown in figure 7.12.
As expected, the result is similar to that of the narrower beam. As seen with the
thinner silicon SVs in the same case model, BNC alpha particles provide the biggest
contribution to the microdosimetric spectra. However for this thickness, the superpositioning of proton and stopping alpha peaks between 10 - 50 keV/µm translates
to a higher difficulty to distinguish the response coming from BNC events.

Figure 7.12: Microdosimetric spectra obtained with 10 µm thick silicon SV in
the case of 25ppm 10 B concentration in the phantom. The neutron beam has
radius of 3.2mm.
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Improvement of a Diamond Microdosimeter
design

The microdosimetric response of a diamond-based microdosimeter was studied as
well. The device has the same geometry as the silicon-based detector discussed in
the previous section. The first set of simulations models diamond SVs of 0.1 µm
thickness in the direction of incidence to the neutron beam. The mean chord length
for the diamond SV has been scaled by 0.32, which is a suitable geometric factor to
convert the response of diamond to water [45]. The microdosimetric spectra for 0.1
µm thick diamond SV using the narrower radius beam is shown in figures 7.13, 7.14
and 7.15 in the cases of 0%, 99% and 25ppm 10 B concentrations, respectively. The
incident neutron beam has a radius of 0.5 mm.

(a) Total

(b) Proton Component

Figure 7.13: Microdosimetric spectra obtained with 0.1 µm thick diamond SV
in the case of no boron in the phantom.

Figure 7.14: Microdosimetric spectra obtained with 0.1 µm thick diamond SV
in the case of 99% 10 B concentration in the tumour volume.

For the case of no boron in the tumour, as shown in figure 7.13, the detector
response is mainly due to protons. 12 C nuclei stoppers produced by neutron elastic
scattering are responsible for a large detector response at around 400 keV/µm. 15 C
and 16 O stoppers produced by elastic interactions in water stop in the diamond SV
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about 70% of the time. They produce lineal energies in the range between 10 and
100 keV/µm.

Figure 7.15: Microdosimetric spectra obtained with 0.1 µm thick diamond SV
in the case of 25ppm 10 B concentration in the tumour volume.

For the case of 25ppm 10 B concentration as shown in figure 7.15, the resolution
of the BNC alpha peak is superb and is comprised almost entirely of alpha crossers
in the diamond SV. Compared with silicon SV of the same thickness, the alpha
lineal energy peak is twice as intense while the proton stoppers produce the same
contribution in the microdosimetric spectra. In the case of diamond, crosser protons
produce a higher lineal energy. This happens because the density of diamond is
larger than the one of silicon, which translates to a bigger energy deposition. Because
of this higher lineal energy component produced by protons, the peak of BNC alpha
and protons are slightly superimposed.

Figure 7.16: Microdosimetric spectra obtained with 0.1 µm thick diamond SV
in the case of 25ppm 10 B concentration in the tumour volume. The neutron beam
has a radius of 3.2mm.

The microdosimetric energy spectra obtained for 0.1 µm thick diamond SVs in
the case of 25ppm 10 B concentration in the tumour volume with the wider beam is
shown in figure 7.16. The intensity of 12 C nuclei peaks in the microdosimetric spectrum between 80 and 100 keV/µm is higher than with the narrow beam. Stopping
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protons contribute to the detector response in the same lineal energy range. The
BNC alpha peak observed between 100 and 120 keV/µm is due to alpha crossers.
The rate of a BNC event per incident neutron occurring in the tumour is much lower
as expected due to a lower boron concentration. This results in a poorer resolution
of the alpha peak in the microdosimetric spectrum.
The simulation was repeated with the diamond SV thickness increased to 1
µm in the direction of beam incidence. The microdosimetric spectra of 1 µm thick
diamond SVs for 0%, 99% and 25ppm 10 B concentration is shown in 7.17, 7.18 and
7.19, respectively. The incident neutron beam has a radius of 0.5 mm.

(a) Total

(b) Proton Component

Figure 7.17: Microdosimetric spectra obtained with 1 µm thick diamond SV in
the case of no boron in the phantom.
12

C nuclei produce lineal energies between approximately 1 and 10 keV/µm,
which superimpose to the contribution by scattered protons. The rate of 12 C nuclei
scattering is 10 times higher than that seen with 0.1 µm thick diamond, at 6.73×10−6
per incident neutron versus 6.92 × 10−7 per incident neutron.

(a) Total

(b) Alpha Component

Figure 7.18: Microdosimetric spectra obtained with 1 µm thick diamond SV in
the case of 99% 10 B concentration in the tumour volume.

Figure 7.18 shows the microdosimetric spectra for 99% 10 B concentration in
the tumour volume. Surprisingly, the BNC alpha peak in 1 µm thick diamond is
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comprised mostly of alpha stoppers, which results in a lower lineal energy position
of the alpha peak. The difference in centroid position between alpha stoppers and
crossers can be seen in figure 7.18b. This result could be explained using the SRIM
software projected range for the 1.47 MeV and 1.77 MeV alphas produced by BNC
when passing through diamond. An alpha of 1.5 MeV has a range of 8.06 µm in
the 25ppm 10 B tumour and 2.56 µm in diamond [61]. An alpha of 1.8 MeV has
a range of 9.72 µm in the 25ppm 10 B tumour and 3.12 µm in diamond [61]. The
1.47 MeV alpha is produced at 94% and 1.77 MeV at 6%, which is shown by the
relative difference in height between the stopper and crosser alpha particle peaks
seen in figure 7.18. Due to their short range in diamond, alpha particles would be
stoppers in the diamond SV unless they are produced close to the tumour-diamond
interface.
The microdosimetric spectra in the case of 25ppm 10 B concentration in the
tumour volume are shown in figure 7.19. Due to similar lineal energies given by
protons, 12 C nuclei and alpha particles, it is difficult to distinguish the contribution
of each different particle in the microdosimetric spectrum.

Figure 7.19: Microdosimetric spectra obtained with 1 µm thick diamond SV in
the case of 25ppm 10 B concentration in the tumour volume.

The microdosimetric spectra obtained in 1 µm diamond SV in the case of 25ppm
10
B concentration in the tumour volume using the wider beam radius is shown in
figure 7.20. The response contribution deriving by scattered 12 C nuclei is much
higher than seen with the narrower beam. This is due to a larger amount of neutrons
reaching the diamond SV that have not interacted with boron. The contribution
to the BNC alpha peak is similar to the one obtained with the narrower beam
width.
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Figure 7.20: Microdosimetric spectra obtained with 1 µm thick diamond SV in
the case of 25ppm 10 B concentration in the tumour volume. The neutron beam
radius is 3.2mm.

The simulation was repeated with the diamond SV thickness increased to 10 µm
in the direction of beam incidence. The microdosimetric spectra obtained with 10
µm thick diamond SVs for 0%, 99% and 25ppm 10 B concentration in the tumour
volume is shown in 7.21, 7.22 and 7.23, respectively. The incident neutron beam
has a radius of 0.5 mm.

Figure 7.21:
Microdosimetric
spectra obtained with 10 µm thick
diamond SV in the case of no boron
in the phantom.

Figure 7.22:
Microdosimetric
spectra obtained with 10 µm thick
diamond SV in the case of 99% 10 B
concentration in the tumour volume.

For the case of no boron in the tumour volume shown in figure 7.21, carbon
nuclei produced by neutron elastic scattering contribute the higher lineal energies
(1 and 30 keV/µm). In the case of 99% 10 B concentration in the tumour volume as
shown in figure 7.22, the alpha particles are characterised entirely as stoppers in the
SV.
For the clinical concentration of 25ppm 10 B in the tumour as shown in figure
7.23, the BNC alpha peak is comprised entirely of alpha stoppers and cannot be
distinguished. The contribution by scattered protons and 12 C nuclei is greater than
that of alpha particles produced by BNC. Even if the alphas were produced at the
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tumour-diamond interface, their range in this thickness of diamond is not great
enough to pass through.

Figure 7.23: Microdosimetric spectra obtained with 10 µm thick diamond SV
in the case of 25ppm 10 B concentration in the tumour volume.

The production rate of 12 C nuclei by scatter in 10 µm thick diamond SVs is
approximately 80 times higher than in the case of a 0.1 µm thick SV, at a rate of
5.30 × 10−5 per incident neutron. Increased activations within the diamond SVs
result in frequent production of gamma photons by reactions such as 12 C(n,G)13 C
and 13 C(n,G)14 C. Radioactive 14 C is produced in the 10 µm thick diamond at a rate
of 1.48 × 10−10 per incident neutron, which is not of a concern.
The microdosimetric spectrum for 10 µm thick diamond SVs in 25ppm 10 B
concentration in the tumour volume with the wider beam is shown in figure 7.24.
Compared with the narrower beam, the BNC component of the microdosimetric
spectrum is less evident. With a wider beam, neutrons interact more frequently with
the water medium, scattering more protons which then reach the detector.

Figure 7.24: Microdosimetric spectra obtained with 10 µm thick diamond SV
in the case of 25ppm 10 B concentration in the tumour volume. The neutron beam
radius is 3.2mm.
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Discussion

After analysing the microdosimetric spectra obtained using varying thicknesses of
diamond and silicon sensitive volumes, it is clear there are some limitations due
to the short range of BNC alpha particles within the materials, particularly in
diamond.
For thinner silicon sensitive volumes, the alpha contribution to the microdosimetric response was mainly due to crossers with lineal energies in the range of 100
and 110 keV/µm. In thicker 10 µm SV, the alpha particles were almost entirely
stoppers, which resulted in a downward shift of the lineal energy range in the alpha
component of the microdosimetric spectrum.

Figure 7.25: Microdosimetric spectra comparison of silicon SV thicknesses in
the case of 25ppm 10 B concentration in the tumour volume. The neutron beam
radius is 0.5mm.

Figure 7.25 shows a comparison among the microdosimetric spectra for the three
thicknesses of silicon tested using the narrow 0.5 mm radius neutron beam in the case
of 25ppm 10 B concentration in the tumour volume. The mean chord length for each
thickness of silicon has been scaled by 0.56 to convert the microdosimetric response
to water-equivalent. The high rate of activations and scatter in the 10 µm thick
silicon SV produces an unresolvable microdosimetric spectra for the contribution
of each charged particle component. The high production rate of 28 Si, 29 Si and
30
Si nuclei by neutron scatter was the largest source of noise inside the silicon SVs
for all thicknesses. Diamond microdosimeters are advantageous compared to silicon
because of a lower signal produced by scattered carbon nuclei in the microdosimetric
spectra. Neutron activation of radioactive 31 Si by the 30 Si(n,G)31 Si reaction occurred
with a higher frequency in thicker SVs. Similarly to the Bridge microdosimeter, the
10 µm thick silicon SV device would need to be irradiated for approximately 300
hours to reach an activity of 1 × 106 Bq, with 104.37 hours required to decay below
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1 µBq. As experimental measurements are typically less than an hour, it is not of a
concern.
Construction of a silicon-based detector suitable for dedicated BNCT microdosimetry is feasible using current fabrication techniques. Taking into account the
projected range of alpha particles in silicon, which is 5.26 µm for 1.5 MeV (94%)
and 6.44 µm for 1.8 MeV (6%), the thickest RRP SV allowed would be 3 µm, which
has a mean chord length of 5 µm [61]. This is considering that the boron source
is positioned directly on top of the SVs to maximise the range of alpha particles
and lithium ions in silicon. CMRP has stated that a silicon microdosimeter design
similar to the Bridge can only be fabricated down to ∼2 µm SV thickness.
The simulation study could be refined by including the p+ boron implantation
region on top of the silicon SVs.
Figure 7.26 provides a comparison between the microdosimetric spectra obtained with the three thicknesses of diamond SV used. Alpha crossers contribute to
the microdosimetric spectra with lineal energies between the range of 100 and 200
keV/µm in diamond. With a diamond SV thickness greater than 1 µm, the alpha
contribution to the microdosimetric spectra is mostly by stoppers, which results in
decreased lineal energies.

Figure 7.26: Microdosimetric spectra comparison of diamond SV thicknesses in
the case of 25ppm 10 B concentration in the tumour volume. The neutron beam
radius is 0.5mm.

The only thickness of diamond SV that produced a useful microdosimetric response in BNCT radiation fields was 0.1 µm. The contribution of BNC alpha crossers
to the microdosimetric spectrum at this thickness is high, with a well defined lineal
energy peak around 100 keV/µm. The neutron elastic scatter of 12 C nuclei inside
the diamond SVs has lineal energies in a similar range to BNC alpha particles, which
contributed more significantly with increased SV thickness.
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Burying the SV array geometry in a water envelope resulted in the production
of a large amount of scattered protons which entered the SVs. For a 10µm thick
diamond SV, the contribution of scattered protons to the microdosimetric response
was greater than that of BNC products. The rate of 12 C nuclei scatter increased by
about a factor of 10 with each increment of diamond thickness tested. The higher
rate of 12 C and 13 C thermal neutron capture in the 10 µm thickness resulted in a large
number of gamma rays originating within the diamond SV. Electrons deriving from
these gamma rays contribute to lower lineal energy events in the SV. Production of
radioisotopes such as 14 C was observed in the 10µm thick diamond SV array at a
rate of 1.48 × 10−10 per incident neutron by the 13 C(n,G)14 C reaction.
The diamond SVs were found to have superior spatial resolution and waterequivalence over silicon of the same thickness, suggesting that diamond-based detectors may be suitable for BNCT QA measurements. Given that only diamond
can be fabricated at sub-micron levels, its suitability for use in a dedicated BNCT
dosimeter becomes more apparent. Diamond-based microdosimeters for BNCT applications require sub-micron SV thicknesses in order to provide useful lineal energy
spectra. A useful future study would to evaluate different designs of neutron conversion of 10 B set over the top of the SVs.
As diamond-based microdosimetry remains a relatively new technology, its application in BNCT treatment fields has not been thoroughly tested. The simplicity
of diamond microdosimetry design allows it to be more reliable than SOI detectors,
and allows the possibility of thinner diamond sensitive volumes below 1 µm, which
may be required for particles with short path length, such as those associated with
BNCT radiation fields. The fabrication of diamond SVs with 0.1 µm thickness is
possible but the device is very fragile.
The close tissue-equivalence of diamond would make a diamond-based microdosimetric detector an excellent candidate for characterising the BNC treatment quality
using an epithermal source, such as Tokai iBNCT or C-BENS in KURRI.
Future simulations may calculate the response of currently existing diamondbased microdosimeters and eventually improve their design.

Chapter 8
Study of Water Equivalence
Conversion in BNCT
8.1

Introduction

The applicability of the geometric scaling factors used to convert energy deposition
of silicon and diamond to water equivalence in an epithermal neutron field was
studied. Microdosimetric spectra for varying thicknesses of water SV were produced
using the methodology described in section 3.4. Geometric scaling factors of C̄=0.56
for silicon [38] and C̄=0.32 for diamond [45] have been published for heavy charge
particle fields typical of proton therapy and space. In this work, the suitability of
such scaling factors is evaluated for BNCT. Using these scaling factors, the water
equivalent mean chord length for 30 × 30 µm RRP SVs can be calculated, as shown
in table 8.1 below.
SV Thickness
0.1 µm
1 µm
10 µm

Water - ¯l
0.1987 µm
1.875 µm
12.0 µm

Silicon - ¯l
0.3548 µm
3.348 µm
21.43 µm

Diamond - ¯l
0.6209 µm
5.859 µm
37.5 µm

Table 8.1: Mean chord length water equivalence of 30 × 30 µm RRP geometry
for Diamond(0.32) [45] and Si(0.56) [38].

8.2

Simulation Results and Discussions

The microdosimetric spectra obtained with 0.1 µm thick water SVs in the case of
99% 10 B loaded tumour volume is shown in figure 8.1a. As expected, the BNC peak
is due almost entirely to alpha crossers with a lineal energy of about 100 keV/µm.
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The central position of the BNC peak can be used as a reference point for qualitative
comparison of silicon and diamond water equivalent microdosimetric conversion. For
the case of 25ppm 10 B concentration in the tumour volume as shown in figure 8.1a,
protons are the largest contributor to the microdosimetric spectrum. These protons
are nearly all starters, generated in the water SV by neutron elastic scattering.

(a) 99%

10 B

Concentration

(b) 25ppm

10 B

Concentration

Figure 8.1: Microdosimetric spectra with 0.1 µm thick water SV in the cases
of: (a) 99% 10 B and (b) 25ppm 10 B concentration in the tumour volume. The
neutron beam radius is 0.5mm.

Figure 8.2a shows a comparison of the microdosimetric spectra of water, diamond and silicon 0.1 µm thick SVs in the case of 25ppm 10 B without scaling factors
applied. For lineal energies below 30 keV/µm, there is close relation between silicon
and diamond, following almost the same yd(y) values. This lineal energy peak is also
visible for water SV, with a similar shape. For lineal energies above 30 keV/µm, the
microdosimetric response of each material is varied. With scaling factors applied,
the lower lineal energy produced by protons no longer matches up as seen in figure
8.2b. The BNC peak for each material is comprised mostly of alpha crossers with
similar lineal energies.

(a) No Scaling

(b) Water equivalent scaling

Figure 8.2: Comparison of microdosimetric spectra obtained with 0.1 µm thick
SV in the case of 25ppm 10 B concentration in the tumour volume. The neutron
beam radius is 0.5mm.

The microdosimetric spectra obtained for 0.1 µm thick SVs in the case of 99%
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B concentration without scaling factors applied is shown in figure 8.3a. With scaling factors applied, as shown in figure 8.3b, the detector response to BNC alpha particles obtained for the diamond SV is excellent and provides closer water-equivalence
than silicon. However, the over-scaling in lower lineal energies, as seen in the 25ppm
10
B case suggests that an ad hoc scaling factor is required for sub-MeV diamond
and silicon energy deposition conversion.
The 99% 10 B concentration case shows that the correction factors work well when
converting the response of alpha crossers to water. Unfortunately, this is not the
case for 25ppm 10 B concentration as the contribution of neutron proton scattering
becomes important. This is not appropriately taken into account using the current
conversion factors.

(a) No Scaling

(b) Water equivalent scaling

Figure 8.3: Comparison of microdosimetric spectra obtained with 0.1 µm thick
SV in the case of 99% 10 B concentration in the tumour volume. The neutron
beam radius is 0.5mm.

The simulations were repeated with an increased water SV thickness of 1 µm in
the incident neutron beam direction. Figure 8.4a shows the microdosimetric spectra
in the case of 99% 10 B in the tumour volume. The BNC peak around 100 keV/µm
is comprised mostly of alpha crossers. For the case of 25ppm 10 B concentration, as
shown in figure 8.4b, the microdosimetric response component due to alpha crossers
is great enough to resolve a single peak in the total spectrum. The contribution of
stoppers to the proton component is much higher with the increased SV thickness
due to a larger abundance of water.
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Concentration

Figure 8.4: Microdosimetric spectra with 1 µm thick water SV in the cases
of: (a) 99% 10 B and (b) 25ppm 10 B concentration in the tumour volume. The
neutron beam radius is 0.5mm.

Comparison of the microdosimetric spectra obtained with 1 µm thick SV in
25ppm 10 B concentration without scaling factors is shown in figure 8.5a. Due to an
increased rate of scattering and activations in the materials, the similar distribution
in the lower lineal energies is no longer visible. With scaling factors applied, as
shown in figure 8.5b, the BNC peak in diamond is no longer distinguishable due to
the increased contribution of carbon nuclei with high lineal energies.

(a) No Scaling

(b) Water equivalent scaling

Figure 8.5: Comparison of microdosimetric spectra obtained with 1 µm thick
SV in the case of 25ppm 10 B concentration in the tumour volume. The neutron
beam radius is 0.5mm.

The microdosimetric spectra for 1 µm thick SVs in the case of 99% 10 B concentration with and without scaling are shown in figures 8.6a and 8.6b, respectively.
As contributions to the BNC alpha microdosimetric spectra are due to crossers in
silicon and water, their lineal energies are in a similar energy range. Similarly, as
alpha particles are mostly stoppers in diamond, the lineal energy of this peak is
lower.
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(b) Water equivalent scaling

Figure 8.6: Comparison of microdosimetric spectra obtained with 1 µm thick
SV in the case of 99% 10 B concentration in the tumour volume. The neutron
beam radius is 0.5mm.

The simulations were repeated with an increased water SV thickness of 10 µm
in the incident direction of the neutron beam. The microdosimetric spectra for 10
µm water SVs in the cases of 99% and 25ppm 10 B concentrated tumour volumes
are shown in figures 8.4a and 8.7b, respectively. For a water SV thickness of 10µm,
the high contribution of scattered protons inside the SV results in the inability to
resolve the BNC alpha lineal energy peak around 100 keV/µm. Considering the
water SVs to be normal tissue near a tumour, this result effectively describes the
localised energy deposition characteristic of BNCT to only boron-loaded cells. As
seen with the other material SV of this thickness, the alpha particles are defined as
stoppers due to their limited range.

(a) 99%

10 B

Concentration

(b) 25ppm

10 B

Concentration

Figure 8.7: Microdosimetric spectra with 10 µm thick water SV in the cases
of: (a) 99% 10 B and (b) 25ppm 10 B concentration in the tumour volume. The
neutron beam radius is 0.5mm.

The microdosimetric spectra obtained with 10µm thick SV for each material
in the case of 25ppm 10 B concentration without scaling factors applied is shown
in figure 8.8a. The water equivalent microdosimetric spectra with scaling factors
applied is shown in figure 8.8b. An increased rate of elastic scatter and activation
in the materials results in very mixed spectra for all SV materials of this thickness.
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As the contribution by scattered protons in the water SV to the microdosimetric
spectra is much higher than that of BNC alpha particles, it is difficult to determine
how well scaling factors apply at this thickness.

(a) No Scaling

(b) Water equivalent scaling

Figure 8.8: Comparison of microdosimetric spectra obtained with 10 µm thick
SV in the case of 25ppm 10 B concentration in the tumour volume. The neutron
beam radius is 0.5mm.

The microdosimetric spectra obtained with 10µm thick SV in the case of 99% 10 B
concentration without scaling factors applied is shown in figure 8.9a. Interestingly
in the unscaled spectra for water and diamond, as contributions by alpha particles
to the microdosimetric response are by stoppers, the BNC peaks match up almost
perfectly. This is with the exception of the scattered 12 C nuclei peak seen between 0.3
and 10 keV/µm in diamond. For the microdosimetric spectra with water equivalent
scaling factors applied, as shown in figure 8.9b, the results are not useful as all high
lineal energy particles are stoppers.

(a) No Scaling

(b) Water equivalent scaling

Figure 8.9: Comparison of microdosimetric spectra obtained with 10 µm thick
SV in the case of 99% 10 B concentration in the tumour volume. The neutron
beam radius is 0.5mm.

Both published water-equivalent scaling factors for diamond (0.32) [45] and silicon (0.56) [38] were suitable for high-LET energy scaling, but their ability diminished
in the lower lineal energy range, where most events were due to stoppers.
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Such correction factors were determined for a radiation fields made of crossers.
In BNCT, given the fact that a lot of particles are stoppers, such correction factors
do not provide a very approximated water equivalent response. The solution is to
develop thin SVs to have more crossers (required in the microdosimetric approach)
and eventually develop an ad hoc conversion factor for BNC based on specific lineal
energy values.

Chapter 9
Ion Beam Induced Charge
Collection Analysis of CMRP SOI
Microdosimeters
9.1

Introduction

Ion Beam Induced Charge (IBIC) collection measurements involve the use of a highly
focused beam of charged particles from an accelerator to induce charge collection
within the sensitive volume of a semiconductor [6]. IBIC data was collected using
the Australian Nuclear Science and Technology Organisation (ANSTO) heavy ion
microprobe on the Australian National Tandem for Applied Research (ANTARES)
accelerator.
IBIC allows for characterisation of charge collection, which can be used to evaluate the definition of sensitive volume geometry. SOI microdosimeters have been
studied using the IBIC technique to investigate the charge collection features and
likelihood of radiation damage due to high energy light ions [62].
In this study, the silicon Bridge microdosimeter designed by the Centre for Medical Radiation Physics (CMRP) at the University of Wollongong was characterised
by means of IBIC measurements. The Bridge microdosimeter is currently in its
fourth generation. The primary purpose of this study was to evaluate the fabrication technology used in creating a well defined SV. In addition, the effect of charge
collection under electrodes and ”cross talk” between SVs was also examined. Definition of optimal bias voltage is also investigated by evaluating the charge collection
efficiency throughout the device.
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Detector Design

The silicon Bridge microdosimeter used in this experiment has a large sensitive area
designed for use in low dose rate environments, such as aviation and space. This
microdosimeter design consists of an array of planar 30 × 30 × 10 µm cubic SVs fabricated on a high resistivity n-SOI active layer and low resistivity supporting wafer
[8]. Ion implantation methods were used in fabrication to produce the square p-n
junction structure for the SVs. In the previous iteration, Bridge V1, etching of silicon surrounding the SVs was shown to decrease low energy artefacts in comparison
with un-etched planar SOI microdosimeters, however some low energy events were
observed in the un-etched regions [8].

Figure 9.1: (a) Plane & cross-section of single Bridge V2 wafer 4, (b) SEM
image of odd and even arrays of SVs [41].

Two alternative 4th generation Bridge microdosimeters were studied; the V2
wafer 7 and V2 wafer 4. Both detectors are made by fully etching the silicon surrounding the SVs and implanting 30 keV boron ions to produce a p+ region and
60 keV phosphorus ions producing a n+ region. The difference between the two
detectors is the inclusion of an additional step in the fabrication process of wafer
4, which involves the implantation of phosphorus ions to create an n+ region under
the Al tracks and contact bias pads. This addition is to reduce charge collection in
these regions at high bias [40]. For passivation and physical protection, a thin layer
of phosphorus silicate glass covers the detector, which allows for cleaning. Figure
9.1 shows a simple representation of the Bridge V2 device, which has fully-etched
silicon surrounding the SVs.
Using the IBIC technique, the charge collection properties of the device can be
studied under different biases. The reduction in surface leakage current due to implantation of phosphorus ions can then be determined. It has been hypothesised that
this design alteration will eliminate pad charge collection during device operation
[40].
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Experimental Method

The IBIC technique at ANSTO utilises the 10 MV ANTARES Van de Graaff tandem
accelerator with the ANSTO heavy ion microprobe, which can focus the beam down
to µm size [63]. The ion beam is accelerated up to MeV energies and focused using
objective and collimating tungsten carbide slits, followed by magnetic focusing using
quadrupole triplet magnets. The final focused beam spot is magnetically raster
scanned with a set of scanning coils positioned before the triplet magnets. The
beam is scanned across the sensitive surface of a SOI microdosimeter device. The
energy deposited in the sample is collected as a function of beam position. Using
the data, a 2D image of sample characteristics can be obtained.
The signal readout of the SOI microdosimeter utilises a charge sensitive preamplifier and shaping amplifier. The beam deflection voltages, read from the X and Y
magnetic scanning stage, with the pulse height, are read in by a series of ADCs to
produce a data triplet [6]. The charge collection energy (pulse height) for each event
is processed into an event-by-event list mode file. The collected data is processed
into IBIC median charge collection image maps for spatial correlation of the energy
deposition of the scanned area [40].
Using the ANTARES heavy ion microprobe, a monoenergetic beam of ions was
focused to a minimum diameter of approximately 1 µm and raster scanned over
the surface of the microdosimeter. 5.5 MeV 4 He ions were applied, which have an
entrance LET in Si of 133.4 keV/µm, and 28.02 µm range in Si. These values were
determined using SRIM 2008 [61].
The pulse generator is calibrated to the energy deposition within a 300 µm
thick planar silicon Hamamatsu PIN diode. This diode has 100% Charge Collection
Efficiency (CCE). Subsequent pulses within the actual detector can then be used to
convert channel to energy. Beam spot dimensions, which are used for determined
the image size, are calibrated using a copper grid, producing a median energy map
from the list mode file.
Using Matlab, the median energy map can be produced using the MCA energy
data combined with corresponding beam position. For image enhancement, noisereduction techniques such as median filters can be applied, which can reduce random
noise while maintaining low edge blurring of objects. Variation in energy window
selection of MCA spectra peaks allows for discrimination of the charge collection
characteristics of different components in the detector.
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Results
Testing yield and effect of charge collection with bias

In order to verify proper operation of the device and no damaged cells, a large field
size was used to view a section of the detector array. Increasing the bias voltage
applied to the SVs allows for an indication of the breakdown voltage, agreeing with IV characteristics collected during preliminary testing. The MCA spectra for passive
mode (0V) is shown in figure 9.2, with two well defined maxima present. The higher
energy peak around 1400 keV is charge collected by the SVs and the peak around
1000 keV is due to charge diffusion across the bridge region.

Figure 9.2: MCA Spectrum obtained with 0V bias voltage.

Figure 9.3: Median Energy Map of
large field area with 0V bias.

Figure 9.4: MCA Spectrum obtained with -10V bias voltage.

Figure 9.5: Median Energy Map of
large field area with -10V bias.

Figure 9.4 shows the MCA spectra for the device at -10V, which is the normal
operating bias. The charge collection rate of the SV cores appear to be almost
uniform at this voltage. The lower energy peak is seen to shift upward due to an
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increased rate of charge drift across the bridge region associated with a more intense
electric field. Analysis of CCE with a closer scan size is required to determine
whether this bias provides the most ideal charge collection ratio between the SVs
and bridge region. At bias voltages higher than -10V, the lower energy peak for the
bridge region shifts entirely into the SV peak.
IBIC testing of a large field of SVs shows that all cells are operational, which
is indicative of the fabrication process. Increasing bias voltage applied to the SVs
displays a higher detection rate of alpha ions, but with also charge sharing across
the supportive bridge region.
The device appears to be working effectively, with most of the counts coming
from the SV cores. The peak energy collected by these cores is approximately 13001400 keV, which agrees with SRIM theoretical energy deposition in this material
[61].
At this large field size, it is difficult to resolve small details such as current
leakage from the semiconducting cores. It is necessary to increase the scanning dimensions in order to determine charge collection characteristics which are dependent
on bias voltage using the median energy maps.

9.4.2

MCA Spectrum Components

Using a smaller scan size, the charge collection characteristics of a SV section can
be tested. The result of increasing the applied bias voltage to the SVs in order to
increase charge collection is shown from figures 9.6 to 9.13. In particular, the rate
of charge diffusion across the un-doped supportive bridge region between detecting volumes. This effect results in charge sharing with neighbouring SVs which is
undesirable for microdosimetry.
IBIC analysis of the bridge device under biases of 0, -2, -4, -6, -10, -12 and -15V
has been completed. However for brevity, MCA spectra and median energy maps
for 0, -4, -10 and -15V bias voltages are presented in the following results.
The MCA spectra has been superimposed with windowed isolations of the corresponding median energy map. This representation allows for better visualisation
of which device components are contributing to the MCA spectrum.
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0V Bias Voltage
Figures 9.6 and 9.7 presents the MCA spectrum and corresponding median energy
map for the device in passive mode. The middle component from 680 to 1160 keV of
the spectrum is due to charge diffusion across the bridge region and SV sides.

Figure 9.6: Median Energy Map showing close-up Sensitive Volume charge
collection with 0V bias.

Figure 9.7: MCA of device under bias of 0V with corresponding Median Energy
windows.
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-4V Bias Voltage
As bias is increased to -4V, the collection rate of the SV is greater but the energy
peak corresponding to the bridge region and SV sides has shifted toward the upper
SV core peak. This is described in the MCA spectrum and corresponding median
energy map shown in figures 9.8 and 9.9.

Figure 9.8: Median Energy Map showing close-up Sensitive Volume charge
collection with -4V bias.

Figure 9.9: MCA of device under bias of -4V with corresponding Median Energy
windows.
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-10V Bias Voltage
An applied bias of -10V is the typical operating voltage of the Bridge microdosimeter
[41]. As seen in the median energy map, the charge collection in the SVs is conformed
to a cylindrical shape with minimal charge in the bridge region.

Figure 9.10: Median Energy Map showing close-up Sensitive Volume charge
collection with -10V bias.

Figure 9.11: MCA of device under bias of -10V with corresponding Median
Energy windows.
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-15V Bias Voltage
As bias is increased to -15V, the bridge component of the MCA spectrum from 1040
to 1240 keV has shifted further upwards and is superimposed with the upper peak.
This indicates that the increased electric field strength may lead to excessive lateral
charge spread across the bridge region.

Figure 9.12: Median Energy Map showing close-up Sensitive Volume charge
collection with -15V bias.

Figure 9.13: MCA of device under bias of -15V with corresponding Median
Energy windows.
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The MCA spectra presented in figures 9.6 to 9.13 are representative of the odd
array, which was the only component connected in the device setup. The even array
component of the device was not connected. Based on the IBIC images, it is clearly
seen that no charge sharing from the even array is being collected by odd array.
This is due to the full-etching of silicon between the two arrays. It is a significant
improvement compared with the first version of bridge microdosimeter, which had
partially-etched silicon. Due to high resistivity of n-Si and short distance between
2 SVs (20µmm bridge), charge collection was observed in the bridge region.
At low bias voltages less than -10V, a defined peak with energy of about 800
keV to 1200 keV was observed. At bias voltage above -10V, it can be seen that
the peaks merged and nearly full charge collection was observed in the SVs as well
as the bridge region. At low bias (0 to -4V), the shape of the charge collection
region in the SV is not conforming to the RRP geometry of the diode but remaining
in a cylindrical shape. At -10V and above, it was observed the nearly full charge
collection in the bridge region between the SVs.
At bias voltages greater than -10V as seen in figure 9.13, the charge collection
in the bridge region and outer faces increases. This leads to some super-positioning
with the SV peak around 1300 keV in the MCA spectrum. As the active volume
of the microdosimeter is only 10 µm thick, -10V bias is enough for full depletion
within the SVs.

9.4.3

Charge Collection Efficiency of Sensitive Volumes

Charge Collection Efficiency (CCE) is determined using the theoretical stopping
power and range of ions in silicon, provided by SRIM 2008 [61]. Alpha particles
with 5.5 MeV incident energy have an entrance LET in Si of 133.4 keV/µm and
28.02 µm range. These high energy ions are considered to be travelling in a field
which is perpendicular to the device face. As such, they are considered to propagate
in a straight line through the silicon sensitive material, while depositing continuous
energy. The particles are also considered to be all crossers through the material, as
their range is far greater than the thickness of silicon.
However, the SiO2 over-layer presents some energy loss before passing through
the SV. The entrance LET of 5.5 MeV alpha particles in SiO2 is 148.5 keV/µm. The
theoretical peak energy of the sensitive volumes can be defined as the total amount
of energy imparted during the alpha passage through silicon and SiO2 , determined
using SRIM data.
The theoretical peak energy of a 5.5 MeV alpha particle passing through this
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thickness of materials is approximately 1374 keV, which represents 100% CCE. This
quantity can be calculated using the peak energy obtained from IBIC, along with
the theoretical energy,
CCE(%) =

EIBIC
× 100
ESRIM

(9.1)

Analysis of charge collection properties was taken for each pixel in the median
energy map and displayed in a discrete colour scale. In order to reduce the noise and
signal timing errors associated with the ADC, a method was employed to enhance
the median energy images. This was achieved simply by down-sampling the image,
applying a 2×2 median energy filter, and up-scaling the image. These filters work by
applying a linear interpolation method which provides a better visualisation of the
CCE and the amount of charge collection that is occuring. However, this method
will also result in reduced spatial sensitivity and loss of information in the image.
Use of a discrete colour scale in combination with the median filter allows the effect
of an increased electric field to be determined.
For quantitative discussion of the CCE dependence on bias voltage, a line profile
was taken across a section of three SVs in the device. These line profiles allow for
comparison at different operating voltages, and indicate the level of charge sharing
across the bridge region. The profile is taken along y=50µm, which is approximately
the charge collection centre of the SVs in passive mode.

Figure 9.14: CCE of SV region
close-up with 0V bias voltage, line
profile across x-axis.

Figure 9.15: CCE of SV region
close-up with -2V bias voltage, line
profile across x-axis.
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Figure 9.16: CCE of SV region
close-up with -4V bias voltage, line
profile across x-axis.

Figure 9.17: CCE of SV region
close-up with -6V bias voltage, line
profile across x-axis.

Figure 9.18: CCE of SV region
close-up with -10V bias voltage, line
profile across x-axis.

Figure 9.19: CCE of SV region
close-up with -12V bias voltage, line
profile across x-axis.
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With applied 0V bias voltage, the sensitive volume CCE is between 90-100%
with some charge collecting in the bridge region. As the bias voltage is increased
above -2V, the SV CCE reaches approximately 100% for the same reference region.
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The SV core collects more charge as the voltage is increased, but displays a slight
amount of charge flow across the bridge region due to the larger electric field present.
Even with higher bias, the charge collecting region is not conforming to the RRP
geometry of the SV, which is seen in the improved wafer 4. This indicates that the
n+ phosphorus implantation to the SV sides and under Al tracks reduces charge
diffusion effects localised to the SV collecting region.

Figure 9.20: CCE of SV region
with 0V bias voltage, line profile
taken at y=58µm across rows.

Figure 9.21: CCE of SV region
with -10V bias voltage, line profile
taken at y=58µm across rows.

To compare the bias dependence of CCE quantitatively, a line profile was taken
across two odd SV cores in different rows. Previous versions of the Bridge microdosimeter used partially etched silicon which resulted in charge collecting in this
region between array rows. The result of using fully etched silicon in this device
can be described by the CCE shown for passive mode (0V) and typical operation
(-10V) in figures 9.20 and 9.21. With increased bias, the CCE peaks have larger
plateaus with sharper drop-off outside of core region. This indicates that the charge
collection throughout the SV becomes more uniformly distributed with bias.
The use of line profiles aligned with the median energy maps allows for a clearer
analysis of the charge collection efficiency across the bridge region and SV cores. It
can be seen that with no bias voltage, the charge collection does not reach 100%
efficiency for this thickness of silicon. A more consistent amount of efficiency across
the sensitive volume is observed between -6 and -10 V. With applied -12V bias and
higher, the level of charge flowing across the bridge region is becoming too high, and
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results in undesired effects.
Use of median image filtering and discrete colour scales allows for a better visualisation of charge flow patterns that are occurring in the device under operation.
In order to maximise the device CCE while considering SVs as individual detecting cells, the ideal operating bias voltage is between -6 and -10 V. Above -10V
leads to a distortion in MCA spectra, as mid-range energies collected in the bridge
and outer faces become superimposed in the peak energy signal count.
For a more complete evaluation of the device charge collection properties, simulated modelling software such as TCAD is required. Technology Computer-AidedDesign (TCAD) is a simulation package that can be used to characterise the electrical and charge collection behaviour under modelled experimental conditions. These
simulations could be used to determine the electric field distribution throughout the
semiconducting cores under different bias voltages.

9.4.4

Comparison with Charge Collection by Pads

In version 2 of the bridge microdosimeter (wafer 7) without phosphorus implantation
producing an n+ stop layer, it was observed that there is charge collection under the
Al tracks and bias pads which are connected to the p+ cores of the SVs. At 0V, no
charge collection was observed in these regions, however at -4V, the charge starts
to collect in the pad, extending along the aluminium tracks as the bias increases.
At high voltages, the probability of charge carriers to drift throughout the tracks
is increased, allowing them to move under the contact region. This effect has been
described as the creation of an inversion layer under the oxide of the MOS capacitor,
producing a thin depleted region.
As the lateral charge diffusion effects across the connecting bridge region became too great at high voltages, only up to -10V has been tested. Each region of
interest on the MCA data has been isolated using energy windows and superimposed
onto sections of the spectrum. These regions include the low energy effects, charge
collected on pad, collection by tracks and bridge region, and the SV cores.
The results are shown from figures 9.22 to 9.31, starting with the MCA spectra
for the device operating at passive mode (0V). With no applied voltage, the bias pad
can be seen collecting a small amount of charge with energy less than 160 keV. The
SV cores are collecting charge between 1180 and 2000 keV in a cylindrical shape,
not conforming to the RRP geometry.
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0V Bias Voltage

Figure 9.22: Median Energy Map of SVs including pads and device edge with
0V bias.

Figure 9.23: MCA of device under bias of 0V with corresponding Median Energy
windows.
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-2V Bias Voltage
With -2V bias voltage applied, the bias pad is starting to accumulate charge, producing the thin depleted region. The drift of charge across the bridge region is also
increasing due to the stronger electric field produced by the SVs.

Figure 9.24: Median Energy Map of SVs including pads and device edge with
-2V bias.

Figure 9.25: MCA of device under bias of -2V with corresponding Median
Energy windows.
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-4V Bias Voltage
As voltage is increased from -4 to -6V, the bias pad is collecting a significant amount
of charge in the same energy range as bridge regions between 800 and 1000 keV. The
pad contact wire has similar energies to the SVs between 1000 and 2000 keV.

Figure 9.26: Median Energy Map of SVs including pads and device edge with
-4V bias.

Figure 9.27: MCA of device under bias of -4V with corresponding Median
Energy windows.
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Figure 9.28: Median Energy Map of SVs including pads and device edge with
-6V bias.

Figure 9.29: MCA of device under bias of -6V with corresponding Median
Energy windows.
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Figure 9.30: Median Energy Map of SVs including pads and device edge with
-10V bias.

Figure 9.31: MCA of device under bias of -10V with corresponding Median
Energy windows.
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From the MCA spectra and median energy windows shown above, it can be seen
that charge accumulation on the bias pad and along the Al tracks occurs with voltage
dependence. The count rate from the bias pad is considerable at increased applied
voltages to the p+ core, with similar energies to the SVs detected at the pad contact
wire. This is due to the MOS effect described earlier, producing a thin depleted
region between the oxide layer, which allows for unwanted charge diffusion.
Ideally, the ground and bias pads should remain at the same intensity as seen
in the 0V bias spectrum. The voltage dependence of the pad charge accumulation
is described in figures 9.33, 9.34 and 9.35 below, which compares wafer 7 in black
(no n+ stop layer) with wafer 4 in red (n+ stop layer implanted) of the Bridge V2
microdosimeter. The collection profile relative to the peak energy of the SV to 5.5
MeV alpha particles is shown, which shows the vast improvement that the n+ stop
layer adds. The line profile position is shown in figure 9.32 by the green dotted
line.
It is observed that with an increase in bias voltage, charge collection in the
bridge region and near pad contact of wafer 7 becomes greater. Windowing the
MCA energy spectrum to points of interest shows that the charge over the pad area
of this device will begin to interfere with the 5.5 MeV alpha peak energy deposition
of 1374 keV.

Figure 9.32: Location of energy
line profile taken across pad shown
with green line.

Figure 9.33: Line profile of Charge
Collection in bonding pad, 0V bias.
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Collection in bonding pad, -2V bias.
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Figure 9.35: Line profile of Charge
Collection in bonding pad, -4V bias.

As observed in figure 9.33, which compares the bias pad charge collection for
wafer 7 and wafer 4 in passive mode, the amount of charge collected by wafer 4 is
much higher. This change in charge characteristics is due to the n+ phosphorus
spray coating to the SV surface. However, this effect observed in wafer 4 is only
present under passive mode and is eliminated with an applied bias as seen in figures
9.34 and 9.35.

9.5

Discussion

IBIC testing shows that all SVs observed were operating efficiently and with 100%
yield. Some charge collection was observed in the bridge region surrounding the SVs,
but is an improvement over SOI planar technology and previous Bridge designs using
partially-etched silicon.
The etching of surrounding Si eliminates charge collection from outside the SV
region with the exception of the silicon bridge supporting the SVs (i.e. unetched
region). There was no cross-talk observed between odd and even arrays as they
are physically and electrically isolated by the etching of silicon surrounding each
SV, unlike planar technology. This represents a great improvement on the earlier
generations of microdosimeters, where issues associated with ill-defined sensitive
volumes resulted in diffusion effects between them.
Under no applied bias voltage, charge collected in a circular shape under the
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core p+ region of the SVs with minimal diffusion across the bridge region. At -10V
bias, the charge collection region conformed to the physical square shape of the
SV with ideal collection rate, but some charge sharing across the bridge appears
to occur through lateral diffusion. However, compared with the previous version of
Bridge microdosimeter, the full etching has reduced this effect significantly.
Due to the better definition of SVs by fully etched surrounding silicon in wafer 7,
the peak due to 5.5 MeV alpha ion energy deposition is visible with no bias applied.
The half-etched Bridge V1 device was not able to resolve a peak in this region due
to diffusion charge collection through the SVs, and required bias to observe.
The Bridge V1 device also has no additional n+ phosphorus implanted to prevent
diffusion effects [8]. Charge collection under the Al tracks and bias pads connected
to the p+ cores of the SVs was visible at normal operating bias, extending along
the aluminium tracks [8]. This effect was also observed in this study with wafer 7,
resulting in increased charge accumulation in the contact pad and superpositioning
with the MCA spectrum components associated with SV energy deposition. The
result seen in these two devices has been described as an inversion layer being created
under the oxide of the MOS capacitor, producing a thin depleted region.
For the wafer 4 device, which is also fully etched, but has an additional n+ stop
layer implanted along the sides and top of the SVs, low energy events associated
with MOS effects are no longer observed [41]. For this device, the depleted region
surrounding the Al tracks and pads was reduced immensely. The poor electric field
distribution throughout the RRP SVs has also been improved over the Bridge V1
device, due to better SV definition and stop layer addition.
This result confirms the hypothesis by Tran [40], that the introduction of a n+
ion implanted stop layer under the connecting pads would avoid any build-up charge
in a field SiO2 on the charge collection under the pads. The introduction of stop
layers has also eliminated the low charge collection events surrounding the SVs,
which can be seen on the MCA spectra in close-up field sizes [41].
Relating back to the use of this device for BNCT microdosimetry, it is seen that
the Bridge microdosimeter is very suitable as an alpha particle detector due to its
high energy resolution. However, with a geometry of 30 × 30 × 10 µm, the mean
chord length is 12 µm, which is too great for BNCT applications. The projected
range of alpha particles in silicon is 5.26 µm for 1.5 MeV (94%) and 6.44 µm for
1.8 MeV (6%), meaning the thickest RRP SV that could be used is 3 µm, with
mean chord length of 5 µm. This is considering that the boron source is positioned
directly on top of the SVs to maximise their range in silicon.

Chapter 10
Conclusions & Future Work
This thesis has presented the Monte Carlo based characterisation of silicon and diamond microdosimeters for Boron Neutron Capture Quality Assurance. The major
component of this work was the development of three dedicated Geant4 applications.
These simulations modelled the Tokai epithermal neutron source to characterise the
BNCT radiation field, provide analysis of neutron activation and to obtain the microdosimetric response of various detector designs.
Unfortunately, in the context of this project, it was not possible to validate the
simulation against experimental measurements. However, our study with different
concentrations of boron in the tumour region (99% and 25 ppm) produced expected
results, which leads us to believe that the simulation study is correct.
Comparison of gamma emission energy lines with documented IAEA PromptGamma data showed good agreement, which provides confidence on the adequate
accuracy of the physics models adopted in this work. For future studies, it is recommended to validate the simulation against experimental measurements.
Dose profiles were calculated for the narrow (0.5 mm radius) and wider (3.2 mm
radius) neutron fields incident upon the tumour sphere. Increased dose sparing to
normal tissue observed in the dose distribution of the clinical concentration indicate
the use of a narrow multi-directional beam is the most efficient regimen.
The study of neutron activation of materials used in CMRP microdosimeters
showed that the currently available silicon and diamond-based microdosimeters do
not pose any radiation protection risk with the typical exposure times of BNCT.
As such, these detectors can be used for BNCT QA without the need for ’cooling’.
However, it was found that the production of secondary nuclear recoils such as 12 C
in diamond and Si nuclei in silicon can contribute to the signal in the detector.
This should be taken into account when using a silicon/diamond microdosimeter for
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QA. The neutron activation of radioactive 31 Si in the Bridge microdosimeter was
insignificant, requiring over 300 hours of constant irradiation with the epithermal
source to be of any concern.
It was concluded that the current V2 Bridge microdosimeter design can be
improved in terms of SV thickness for the characterisation of BNCT radiation fields.
With a 10 µm thick SV, the number of alpha particles classified as stoppers is
about 96%. This is due to the short range of the alpha particles and 7 Li nuclei in
comparison to the Bridge SV mean chord length. As the projected range of a 1.5
MeV alpha particle in silicon is 5.26 µm [61], thinner SVs are required to allow BNC
products to cross the SV.
For the improved silicon based microdosimeter design, it was concluded that
construction of a dedicated BNCT microdosimeter is feasible using current fabrication techniques. For thin 1µm thick silicon sensitive volumes, the alpha contribution
to the microdosimetric response was mainly due to crossers with lineal energies in
the range of 100 and 110 keV/µm. The thickest RRP SV to allow the range of a
1.5 MeV alpha particle would be 3 µm, with a corresponding mean chord length of
5 µm [61]. This is considering that the boron source is positioned directly on top of
the SVs to maximise the number of alpha particles and 7 Li nuclei reaching the SV.
CMRP and its collaborators are currently fabricating a microdosimeter with 2 µm
thickness.
For the alternative diamond microdosimeter design based on the Bridge detector, it was observed that only 0.1 µm thick SVs were able to provide a useful
microdosimetric response for BNCT applications. Diamond SVs with 0.1 µm thickness can be fabricated but will have a low signal compared to silicon. The average
energy to produce an electron/hole pair for diamond is 13 eV, whereas silicon is 3.6
eV.
The study of water equivalence conversion in BNCT using the current geometric scaling factors published for silicon, 0.56 [38], and diamond, 0.32 [45], concluded
that they were suitable for high-LET radiation fields. However, in this project
it was found that their ability diminished in the lower lineal energy range, where
most events were due to stoppers. As the majority of particles in BNCT are stoppers, these correction factors do not provide a well-approximated water equivalent
response for low-LET events. The solution is to develop thin SVs to have more
crossers and eventually develop an ad hoc conversion factor for BNC.
The charge collection characteristics of the silicon Bridge microdosimeter was
measured using the IBIC technique with the ANSTO heavy ion microprobe. The
device presented almost ideal CCE with excellent SV confinement due to well-defined
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sensitive volume geometry. The effectiveness of the Bridge microdosimeter for the
detection of alpha particles was demonstrated. The improved design of the V2 wafer
4 device showed a significant advantage over the wafer 7 device tested in this study
due to the elimination of charge accumulation at the bias pad. This confirms the
hypothesis by Tran [40] that the implantation of n+ phosphorus ions to the SV
sides and face would reduce the MOS effect observed in previous generations of the
Bridge device.
The high rate of gamma photons leaving the tumour volume indicates the suitability of Prompt-Gamma detectors for BNCT treatment planning. Unfortunately
due to time restrictions, this avenue could not be explored as it is out of the scope
in this study.
In research conducted by Bradley [37], it was shown that 30 × 30 × 2 µm silicon
volumes can be fabricated and used effectively for BNCT applications. With use
of a reference TEPC, the result from the diode array provided close approximation
of alpha and lithium ion energy deposition. Almost 30 years from Bradley’s paper,
a Bridge microdosimeter can be fabricated with thinner SVs and much better defined SV region over previous planar technology. This device should provide a very
suitable detector for dedicated BNCT QA for epithermal neutron sources, such as
existing facilities at Tokai and KURRI in Japan.
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Appendix A
A.1

RMI457 Additional Neutron Activation Data

Reaction
p(n,EL)
12
C(n,EL)
14
N(n,EL)
1
H(n,G)2 H
13
C(n,EL)
40
Ca(n,EL)
14
C(p,INL)
35
Cl(n,G)36 Cl
35
Cl(n,EL)
18
O(n,EL)
2
H(n,EL)
40
Ca(n,G)41 Ca
12
C(n,G)13 C
44
Ca(n,EL)
15
N(n,EL)
14
N(n,G)15 N
17
O(n,EL)
37
Cl(n,EL)
43
Ca(n,EL)
42
Ca(n,EL)
48
Ca(n,EL)
12
C(n,INL)
35
Cl(n,p)35 S
44
Ca(n,G)45 Ca
43
Ca(n,G)44 Ca
p(p,EL)
14
N(n,α)11 B
18
O(n,α)15 C
37
Cl(n,G)38 Cl
16
O(n,α)13 C
16
O(n,G)17 O
42
Ca(n,G)43 Ca

Nuclei/s/No.
Target Atoms
1.56 × 10−10
2.31 × 10−11
1.35 × 10−12
2.77 × 10−13
2.48 × 10−13
1.21 × 10−13
3.30 × 10−14
1.52 × 10−14
1.26 × 10−14
8.00 × 10−15
3.07 × 10−15
3.04 × 10−15
2.76 × 10−15
2.61 × 10−15
2.32 × 10−15
1.66 × 10−15
1.49 × 10−15
1.12 × 10−15
9.05 × 10−16
4.03 × 10−16
2.68 × 10−16
2.63 × 10−16
2.28 × 10−16
1.40 × 10−16
1.25 × 10−16
1.08 × 10−16
7.81 × 10−17
6.83 × 10−17
5.27 × 10−17
4.57 × 10−17
3.98 × 10−17
3.46 × 10−17

Reaction
13

C(n,G)14 C
Ca(n,p)40 K
40
Ca(n,α)37 Ar
12
C(p,EL)
46
Ca(n,EL)
40
Ca(n,INL)
48
Ca(n,G)49 Ca
17
O(n,α)14 C
15
C→15 N[5298.822]
15
N[5298.822]→15 N
15
N→15 C
14
N(n,INL)
44
Ca(n,INL)
16
O(p,EL)
35
Cl(n,INL)
13
C(n,INL)
18
O(n,G)19 O
14
N(p,EL)
37
Cl(n,INL)
18
O(n,INL)
42
Ca(n,INL)
43
Ca(n,INL)
14
N(n,t)12 C
35
Cl(n,α)32 P
17
O(n,G)18 O
46
Ca(n,G)47 Ca
17
O(n,INL)
2
H(n,G)3 H
13
C(p,EL)
12
C(p INL)
46
Ca(n,INL)
48
Ca(n,INL)
40

153

Nuclei/s/No.
Target Atoms
3.18 × 10−17
3.09 × 10−17
2.57 × 10−17
2.37 × 10−17
2.30 × 10−17
1.59 × 10−17
1.53 × 10−17
1.32 × 10−17
1.23 × 10−17
1.23 × 10−17
7.51 × 10−18
5.73 × 10−18
4.69 × 10−18
4.44 × 10−18
2.92 × 10−18
2.61 × 10−18
1.33 × 10−18
9.12 × 10−19
8.95 × 10−19
8.22 × 10−19
7.12 × 10−19
5.11 × 10−19
3.29 × 10−19
3.10 × 10−19
2.56 × 10−19
1.64 × 10−19
1.10 × 10−19
1.10 × 10−19
5.48 × 10−20
3.65 × 10−20
3.65 × 10−20
3.65 × 10−20
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Reaction
12

C(p,INL)
15
C→15 N[9049.710]
15
N[9049.710]→15 N
49
Ca→49 Sc[3084.520]
49Sc[3084.520]→49 Ca
42
Ca(n,α)39 Ar
16
O(p,G)17 F
29.86 14 N(p,INL)
15
N(p,EL)
19
O→19 F[197.143]
19
F[197.143]→19 F
15
C→15 N[8312.620]
15
N[8312.620]→15 N
19
O→19 F[1554.038]
19
F[1554.038]→19 F
38
Cl→38 Ar
15
C→15 N[6323.780]
15
N[6323.780]→15 N
38
Ar[3810.160]→38 Ar
38
Cl→38 Ar[3810.160]
38
Ar[2167.640]→38 Ar
38
Cl→38 Ar[2167.640]
49
Ca→49 Sc[4072.040]
49
Sc[4072.040]→49 Sc
19
O→19 F
17
O→17 F
49
Ca→49 Sc[4493.440]
49
Sc[4493.440]→49 Sc
49
Ca→49 Sc[2371.820]
49
Sc[2371.820]→49 Sc
49
Ca→49 Sc[3516.700]
49
Sc[3516.700]→49 Sc

154

Nuclei/s/No.
Target Atoms
3.65 × 10−20
2.13 × 10−20
2.13 × 10−20
1.86 × 10−20
1.86 × 10−20
1.83 × 10−20
1.83 × 10−20
1.83 × 10−20
1.83 × 10−20
1.72 × 10−20
1.72 × 10−20
1.59 × 10−20
1.59 × 10−20
1.58 × 10−20
1.58 × 10−20
9.24 × 10−21
5.31 × 10−21
5.31 × 10−21
5.19 × 10−21
5.19 × 10−21
1.86 × 10−21
1.86 × 10−21
1.77 × 10−21
1.77 × 10−21
9.31 × 10−22
4.24 × 10−22
1.97 × 10−22
1.97 × 10−22
9.85 × 10−23
9.85 × 10−23
2.46 × 10−23
2.46 × 10−23

Reaction
49

Ca→49 Sc[4738.450]
49
Sc[4738.450]→49 Sc
35
S→35 Cl
45
Ca→45 Sc
37
Ar→37 Cl
38
Cl→38 Ar
38
Cl→38 Ar[3377.800]
49
Sc→49 Ti
32
P→32 S
47
Ca→47 Sc[1297.120]
47
Sc[1297.120]→47 Sc
47
Ca→47 Sc
14
C→14 N
49
Sc→49 Ti[1762.011]
49
Ti[1762.011]→49 Ti
36
Cl→36 Ar
41
Ca→41 K
36
Cl→36 S
39
Ar→39 K
47
Sc→47 Ti[159.371]
47
Ti[159.371]→47 Ti
47
Sc→47 Ti
40
K→40 Ca
40
K→40 Ar
40
K→40 Ar[1460.851]
40
Ar[1460.851]→40 Ar
48
Ca→48 Sc[252.350]
48
Sc[252.350]→48 Ca
48
Sc→48 Ti[3333.196]
48
Ti[3333.196]→48 Ti
48
Sc→48 Ti[3508.556]
48
Ti[3508.556]→48 Ti

Nuclei/s/No.
Target Atoms
2.46 × 10−23
2.46 × 10−23
2.09 × 10−23
6.96 × 10−24
6.13 × 10−24
5.65 × 10−24
5.65 × 10−24
6.04 × 10−24
2.70 × 10−25
1.77 × 10−25
1.77 × 10−25
1.42 × 10−25
1.26 × 10−25
7.19 × 10−27
7.19 × 10−27
1.09 × 10−27
6.58 × 10−28
2.07 × 10−29
7.59 × 10−30
1.76 × 10−31
1.76 × 10−31
1.53 × 10−31
4.57 × 10−34
6.97 × 10−35
6.75 × 10−35
6.75 × 10−35
3.16 × 10−43
3.16 × 10−43
6.27 × 10−49
6.27 × 10−49
6.99 × 10−50
6.99 × 10−50

Table A.1: Total Interactions within RMI457 Target resulting from neutron
irradiation including scatter events and short-lived radionuclides.
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A.2

SiO2 Additional Neutron Activation Data

Reaction
16

O(n,EL)
Si(n,EL)
29
Si(n,EL)
30
Si(n,EL)
18
O(n,EL)
28
Si(n,G)29 Si
17
O(n,EL)
28
Si(n,INL)
30
Si(n,G)31 Si
31
Si→31 P
31
Si→31 P[1266.150]
31
P[1266.150]→31 P
29
Si(n,G)30 Si
29
Si(n,INL)
16
O(n,α)13 C
18
O(n,α)15 C
15
C→15 N[5298.822]
15
N[5298.822]→15 N
15
C→15 N
15
C→15 N[8312.620]
15
N[8312.620]→15 N
15
C→15 N[9049.710]
15
N[9049.710]→15 N
15
C→15 N[8571.400]
15
N[8571.400]→15 N
28
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Nuclei/s/No.
Target Atoms
2.92 × 10−14
6.69 × 10−15
4.43 × 10−16
2.85 × 10−16
5.63 × 10−17
3.13 × 10−17
1.04 × 10−17
3.78 × 10−18
7.50 × 10−18
5.51 × 10−22
2.78 × 10−25
2.78 × 10−25
1.64 × 10−18
3.80 × 10−19
2.97 × 10−19
2.17 × 10−19
3.89 × 10−20
3.89 × 10−20
2.20 × 10−20
2.47 × 10−23
2.47 × 10−23
2.47 × 10−23
2.47 × 10−23
9.90 × 10−24
9.90 × 10−24

Reaction
16

O(n,G)17 O
Si(n,INL)
28
Si(n,p)28 Al
28
Al→28 Si[1779.030]
28
Si[1779.030]→28 Si
17
O(n,α)14 C
14
C→14 N
28
Si(n,α)25 Mg
18
O(n,INL)
29
Si(n,α)26 Mg
18
O(n,G)19 O
19
O→19 F[1554.038]
19
F[1554.038]→19 F
19
O→19 F[197.143]
19
F[197.143]→19 F
19
O→19 F
29
Si(n,p)29 Al
17
O(n,INL)
29
Al→29 Si[1273.387]
29
Si[1273.387]→29 Si
29
Al→29 Si[2425.970]
29
Si[2425.970]→29 Si
29
Al→29 Si[2028.160]
29
Si[2028.160]→29 Si
30

Nuclei/s/No.
Target Atoms
1.51 × 10−19
1.08 × 10−19
4.49 × 10−20
2.30 × 10−22
2.30 × 10−22
3.98 × 10−20
1.55 × 10−31
1.20 × 10−20
5.94 × 10−21
5.18 × 10−21
3.22 × 10−21
5.30 × 10−23
5.30 × 10−23
3.62 × 10−23
3.62 × 10−23
4.08 × 10−24
3.14 × 10−21
1.23 × 10−21
4.89 × 10−24
4.89 × 10−24
2.63 × 10−25
2.63 × 10−25
5.85 × 10−26
5.85 × 10−26

Table A.2: Total Interactions within SiO2 Target resulting from neutron irradiation including scatter events and short-lived radionuclides.

